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Abstract
Spatial, temporal and within-species variation in the foraging ecology among
consumers add to the complexities of trophic structure and its processes across all biomes
on Earth. In this dissertation, I investigated the foraging ecology and plasticity of an iceadapted marine predator, the ringed seal (Pusa hispida), inhabiting the Arctic marine
environment – a dynamic seascape undergoing rapid climatic changes – across age, space
and time using stable isotope analysis and animal satellite telemetry. I used a long-term
dataset (1990 – 2013) of ringed seal muscle (n = 630) and liver (n = 558) samples, as well
as satellite telemetry data (1999-2013; n= 132) collected from seven locations across the
Arctic of varying latitude (56ºN – 76ºN) and longitude (-117ºW – -61ºW). I first
quantified the general increase in 13C and 15N values of three tissues from eight arctic
marine mammal species after chemical lipid extraction with results varying across
species, developed species- and tissue-specific lipid normalization models, and a speciestissue-specific decision framework for the best lipid correction approach. I then
quantified spatial and temporal variation of ringed seal dietary prey contributions,
isotopic niche size and trophic position during ontogeny across the Arctic. I found a
general latitudinal trend where the level of fish consumption and trophic position of
ringed seals decreased due to increased prevalence of sub-arctic fish species and less
trophic complexity in the zooplankton community at lower latitudes. As well, isotopic
niche size for ringed seals and beluga whales (Delphinapterus leucas) increased at lower
latitudes and level of individual specialization in ringed seals increased at lower latitudes
as a response to large-scale spatial variation in ecological opportunity (i.e. prey species
richness) which is higher at lower latitudes. Using satellite telemetry, I found that
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individuals from higher latitudes, which undergo shorter ice-free seasons, spend more
time traveling and less time foraging than individuals from lower latitudes where the icefree season is longer. Also, smaller individuals spent more time transiting between habitat
patches than their larger conspecifics due to competitive exclusion. Overall, these
findings highlight the foraging plasticity of ringed seals to changing environmental
conditions and resource availability.
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Chapter 1: General Introduction

1

Background
Quantifying feeding relationships and trophic interactions between organisms is
critical to the knowledge of evolutionary and behaviour-related processes that affect
ecosystem structure and function (MacArthur 1955; Paine 1980; Pimm 1984). Food web
structure was first developed by Elton (1927) who estimated the flow of energy and
nutrients by direct links between consumer and resource where carnivorous consumers
regulate ecological community structure (Hairston et al. 1960). Lindeman (1942)
advanced food web theory and developed the trophic level concept where organisms are
grouped into a series of discrete energetic functional groupings termed trophic levels
from primary producers to apex predators with each level dependent upon the preceding
level as a source of energy. This strict trophic level model is an overly simplified
approach as more detailed analyses observed that numerous species are omnivorous by
consuming prey at multiple trophic levels (Pimm and Lawton 1980; Polis 1991; Polis and
Strong 1996), leading to trophic position, a continuous measure of a species’ hierarchical
ecological role in the food web, to account for omnivory which is prevalent in nature
(Hobson and Welch 1992; Vander Zanden and Rasmussen 1996; Gellner and McCann
2012). The organization of species into energy or functional groups has spurred insights
into ecosystem functioning via the degree of omnivory influencing food chain length
(Sprules and Bowerman 1988) and the role of bottom-up and top-down pressures
influencing ecosystem structure (Menge and Sutherland 1976) leading to trophic cascades
(Carpenter et al. 1985). However, these trophic relationships and ecological phenomena
are influenced by spatial (i.e. latitude and longitude), temporal (i.e. seasonally and long-
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term) and within-species (i.e. ontogeny) variation affecting these ecological patterns and
processes (Winemiller 1990; Vander Zanden et al. 2000; Bolnick et al. 2003).
Animals use a myriad of habitats and resources that differ between heterogeneous
landscapes across numerous spatial scales and vary in terms of primary productivity and
species abundance and distribution which affect community and ecosystem structure
(Levin 1992; Polis et al. 1997). For example, energy flow, food chain length and trophic
structure differed between different lake systems of various size and species diversity as a
response to increased fish species richness and lake size (Vander Zanden and Rasmussen
1996; Vander Zanden et al. 1999b). As well, spatial subsidies in the flow of nutrients
between aquatic and terrestrial systems is common in nature and affect trophic structure
(Polis et al. 1997) where a principal example regards anadromous and semelparous adult
Sockeye salmon (Onchorhynchus nerka) migrating and transporting nutrients from
marine to fresh water, thus providing allochthonous energy inputs into freshwater and
terrestrial ecosystems (Schindler et al. 2003). In addition, in aquatic systems, spatial
asynchronies between benthic and pelagic energy pathways are coupled by mobile,
higher trophic level consumers that alter their feeding behaviours relative to resource
density leading to increased food web connectance and structure (Rooney et al. 2006;
Rooney and McCann 2012).
Food webs in terrestrial, freshwater and marine ecosystems are also structured
along a temporal axis where seasonal variation in abiotic factors drive differences in
resource availability between seasons with these effects then propagating up to top
consumers who switch their diet to capitalize on the more abundant prey resource
(McMeans et al. 2015). For example, the dynamics and feeding relationships within fish
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communities change between the wet and dry seasons in tropical ecosystems (Winemiller
1990). In addition, long-term inter-annual variation in abiotic and biotic factors has also
been shown to impact the trophodynamics within ecosystems. For example, the invasion
of non-native predators including Smallmouth bass (Micropterus dolomieu) and Rock
bass (Ambloplites rupestris) into Canadian lakes decreased the trophic position of the
native top predator, Lake trout (Salvelinus namaycush) by a dietary shift from littoral fish
to zooplankton (Vander Zanden et al. 1999a). Furthermore, although spatial and temporal
heterogeneity of resource use among consumers affect ecosystem structure (Holt 1984) a
large amount of trophic variation occurs due to within-species variation through
ontogeny, sex, body size and individual specialization (Werner and Gillam 1984; Vander
Zanden et al. 2000; Bolnick et al. 2003).
Consumers have complex life cycles where ontogenetic niche and diet shifts and
differences between sexes have been well-documented across a wide variety of taxa
(Polis 1984; Werner and Gillam 1984). A species’ ecological niche is an n-dimensional
hypervolume of space consisting of environmental and ecological variables where a
species can maintain a viable population (Hutchinson 1957). Food web models are
typically studied at the species-level within an ecosystem where trait variation among
individuals is often not incorporated and all individuals are assumed functionally
equivalent (Miller and Rudolf 2011). Species that consume a variety of resources from
different habitats are considered generalists, but they may actually be composed of
individual dietary specialists with each individual consuming a small subset of resources
along the species’ total set of resources (Bolnick et al. 2003). Thus, individual specialists
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likely have different ecological roles in terms of their habitat use and feeding
relationships within the population.
Advancing the niche variation hypothesis (Van Valen 1965), Bolnick et al. (2003)
described individual specialization as individuals within a population whose niche is
significantly narrower than that of the population irrespective of age, sex and
morphology. Over 189 species (mainly larger vertebrates, such as fishes, birds and
mammals) have been documented to exhibit individual specialization (Araujo et al. 2011)
with this number continuing to increase in the ecological literature. Individual
specialization has implications for interpreting food webs by contributing another
mechanism to quantify trophodynamic complexity between and within ecosystems
(Quevedo et al. 2009) where these mechanisms are largely influenced by a multitude of
environmental factors.
Environmental variability at global and regional scales drive ecosystem structure
and function by influencing individual, species, population and community processes
across space and time (Levin 1992). For example, large-scale climate variability systems,
such as the North-Atlantic Oscillation, can increase cloud cover, air temperature and
water temperature in the Barents Sea which influence fish development, growth and
survival and overall trophic interactions between species within this system (Stenseth et
al. 2003). At regional scales, environmental stochasticity linked with latitude affects net
primary productivity (Chase 2010), species richness (Gaston 2000), niche breadth
(Thuiller et al. 2005), and the selection pressure of phenotypic plasticity on population
dynamics (Reed et al. 2010).
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The environment is the main driver of resource distribution from primary
producers up to apex predators in both spatial and temporal dimensions, thus prompting
individual and species differences in their movement and behavioural decisions. These
movement decisions hinge on four factors including: (1) an individual’s physiological
state, (2) motion capacity in terms of biomechanical properties to facilitate movement, (3)
navigational capacity by cognitive and sensory mechanisms, and (4) environmental
factors which influence the three aforementioned mechanisms and the movement path
itself (Nathan et al. 2008). Through movement, animals transport and acquire biomass,
nutrients and energy between and within heterogeneous landscapes and ecosystems
which couple animal diversity and ecosystem functioning across the world (Bauer and
Hoye 2014). The movement and foraging decisions animals make across space and time
are strongly associated with prey resource availability and the efficient exploitation of
available food (i.e. optimal foraging theory; Emlen 1966; MacArthur and Pianka 1966).
Optimal foraging theory is a key component to the field of foraging ecology
whereby individuals should maximize the acquisition of prey resource so energy gained
exceeds that of energy expended (Emlen 1966; MacArthur and Pianka 1966). Optimal
foraging theory consists of several aspects including: (1) preferred food choice for an
optimal diet, (2) choice of prey patch to forage, (3) time allocation between prey patches,
(4) and an optimal movement strategy between prey patches (Pyke et al. 1977). These
aspects led to the marginal value theorem which accounts for transition time between
patches and optimal amount of time spent in a patch to maximize cumulative resource
intake before transiting to another prey patch (Charnov 1976). The seasonal periodicity of
insolation and the extreme seasonality in the magnitude of sea ice extent characterizes the

6

arctic marine ecosystem leading peak primary production into a short time period during
summer when most species presumably forage optimally to build energy stores for the
following winter when resource abundance is relatively lower (Walsh 2008).
The ecological dynamics of the Arctic vary depending on geographic location (i.e.
low- and high-Arctic) where the majority of primary production only occurs during a
short period of the year ranging from 1-2 months to approximately 6 months depending
on latitude. Arctic biota, especially marine mammals, are well-adapted to these seasonal
extremes through lipid dynamics and storage, which is a distinctive and fundamental
specialization to their environment due to their highly variable food supply between
seasons and the long length of winter (Falk-Petersen et al. 2000). However, a warming
climate has been changing environmental processes and sea ice dynamics at a rapid rate
(Hinzman et al. 2013), which is dramatically changing habitat for marine mammals and
has negatively impacted the abundance and distribution of several species ranging from
phytoplankton to polar bears (Wassmann et al. 2011). As a result of climate change,
many sub-Arctic forage fish species in the Arctic, such as Capelin (Mallotus villosus),
Sand lance (Ammodytes sp.) and Walleye pollock (Theragra chalcogramma; Wassmann
et al. 2011; Provencher et al. 2012), as well as pelagic plankton are becoming common
and this northward expansion of subarctic species is predicted to continue (Wisz et al.
2015). As a result, the rapidity of sea ice loss has been dramatically altering the
ecological dynamics of the Arctic marine ecosystem (Post et al. 2013).
High-trophic level predators, particularly marine mammals, act as integrators and
sentinel species of changes in ecological dynamics at lower trophic levels in marine
ecosystems (Moore 2008). The ringed seal acts as a key species in the arctic food web by
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providing a fundamental link between lower and upper trophic levels (Hobson and Welch
1992). Ringed seals are the most abundant pinniped species across the Arctic (Laidre et
al. 2015), have a circumpolar distribution and use a diversity of habitats from coastal to
offshore waters in the open water period and shore-fast ice to moving pack-ice areas in
the winter (McLaren 1958). The life history of ringed seals has been strongly shaped by
sea ice dynamics (Smith and Hammill 1981) and they are well-adapted and dependent on
sea ice for reproduction, as their prime breeding habitat is primarily stable land-fast ice
over the continental shelf along arctic coasts and bays, although breeding on pack-ice
does occur (Finley et al. 1983). Ringed seals are an omnivorous consumer that feed on a
wide-variety of prey from zooplankton to fish (Thiemann et al. 2007; Chambellant et al.
2013), and forage more intensively in the productive summer and fall periods to rebuild
lost energy stores in their blubber layer during the less productive overwintering period
(Ryg and Øritsland 1991). Due to high ringed seal abundance, wide distribution and their
diverse use of habitat and prey, they provide an excellent model to investigate the degree
of spatial, temporal and within-species variation in the foraging ecology of an arctic
marine predator species and their ability to adjust their diet and foraging behaviour to a
rapidly changing climate.
Dissertation objective
The objective of this dissertation was to determine whether ringed seals, as a
species, have the capacity to adjust their foraging ecology in terms of diet and foraging
behaviour relative to a changing environment across space and time. This objective will
provide insight into the foraging plasticity of arctic biota and their potential to eventually
adapt to changing environmental conditions. I use stable isotope analysis and animal
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satellite telemetry as scientific tools to address this objective. Hypotheses for all chapters
are outlined below in the ‘Dissertation hypotheses’ section.

Methods
Stable isotopes have become a prominent and well-established tool in ecological
studies to assess trophic interactions and energy flow through ecosystems as it provides
information on acquired biomolecules (i.e. lipids, carbohydrates and proteins)
incorporated into consumer tissues (DeNiro and Epstein 1977, 1978; Peterson and Fry
1987). Stable isotopes provide time-integrated information of assimilated foods for diet
reconstruction and are used to trace animal movements and habitat use (Rubenstein and
Hobson 2004), as well as trophic structure within ecosystems (Hobson and Welch 1992).
Metabolic rates of different tissues vary causing turnover rates of stable isotopes to differ
among tissues, so dietary information over several time scales, from days or weeks (e.g.
liver) to months (e.g. muscle) and to lifetime (e.g. teeth) can be obtained by measuring
several tissues from an individual (Hobson and Clark 1992; Tieszen et al. 1983).
Extracting dietary information from multiple tissues that differ in turnover rate can be
useful for studies on animals that switch their diet between different sources due to
seasonal change in the environment (Roth and Hobson 2000). In contrast to traditional
measures of estimating a consumer’s diet, the use of stable isotopes takes into account all
prey consumed, whereas stomach content analysis and scat analysis only accounts for
prey consumed during recent feeding events and may not accurately reflect a consumer’s
long-term diet (Peterson and Fry 1987).
Stable carbon isotope ratios (13C/12

 13C) are effective tracers of primary

productivity within a food web as they only slightly increase between prey and consumer
9

(Post 2002). The 13C can be used to differentiate terrestrial from marine carbon sources
(Peterson and Fry 1987) and within aquatic systems to discriminate between different
habitats, such as inshore/offshore and benthic/pelagic (France 1995). These differences
arise due to fractionation differences in CO2 uptake where in marine systems, bicarbonate
is heavier than atmospheric CO2 resulting in phytoplankton being more enriched in 13C
than in C3 terrestrial plants (Peterson and Fry 1987). In addition, 13C also discriminates
between primary producers in marine waters where phytoplankton are more depleted in
13

C compared to benthic plants due to the latter having a boundary layer (France 1995).
Stable nitrogen isotope ratios (15N/14

 15N) are used to infer diet and trophic

level of consumers, as protein in consumer tissues have a  15N than dietary protein
due to the preferential excretion of 14N via amino acid deamination and transamination
(DeNiro and Epstein 1981). To estimate trophic position within a food web, consumer

15N is typically enriched in 15N (1-4‰; Minagawa and Wada 1984; Post 2002) relative
to its diet, but can vary by species (Caut et al. 2009), dietary protein content and quality
(Olive et al. 2003; Flori et al. 2011), starvation (Hobson and Clark 1992) and temperature
(Power et al. 2003), which in turn can affect estimations of an organisms’ trophic position
in a food web. When estimating a species’ trophic position from the base of the food web,
a scaled approach provides a more robust and accurate estimate of the trophic structure in
a food web than an additive framework (Hussey et al. 2014).
The other scientific tool used in this dissertation is biotelemetry allowing
biological measurements to be transmitted from the animal to a receiver and a
mechanistic approach to monitor the movements of species in the natural environment
(Cooke et al. 2004). Animal telemetry began with radio telemetry (VHF) to track
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freshwater fish migrations in the late 1960’s (Lonsdale et al. 1968), followed by satellite
telemetry in large terrestrial mammals around the same time (Craighead et al. 1970) and
then ultrasonic telemetry in marine systems due to low signal attenuation in salt water
compared to radio telemetry (Klimley 2013). These technologies have allowed
researchers to investigate how, where and why animals move across varying
environmental contexts which underpin the field of ecology as a whole. Animal satellite
telemetry is now a common tool to investigate and model animal movement, behaviour
and habitat use across all biomes (Cagnacci et al. 2010), where ARGOS satellite
telemetry is the most common method in large marine vertebrates. ARGOS satellites use
the Doppler positioning system, which are less precise than Global Positioning Systembased data and can introduce error in location estimates that must be accounted for by the
removal of high location error estimates or through various developed movement models
(Patterson et al. 2008).
In this dissertation, I used satellite relay data loggers, which collect data every
four to ten seconds when wet and transmits that information to passing ARGOS satellites.
Several factors affect successful transmissions, such as the individuals’ time spent at the
surface or out of water, environmental conditions and proximity to ARGOS satellites at
different times of the day, thus a buffering strategy is used to eliminate the chances of
unsuccessful transmissions and lost data. Information collected from each tag include
location estimates (e.g. latitude and longitude), haul-out behaviour, water temperature,
and numerous dive characteristics including dive duration, maximum dive depth, time at
depth and surface duration between dives, as well as inflection points for each dive
(Fedak et al. 2002).
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Dissertation hypotheses
Chapter 2: Yurkowski, D.J., Hussey, N.E., Semeniuk, C.A.D., Ferguson, S.H. and Fisk,
A.T. (2015) The effects of lipid extraction and the utility of lipid normalization models on
13C and 15N values in Arctic marine mammal tissues. Polar Biology, 38:134–143.
I first examined the effects of chemical lipid extraction on

13

C and

15

N values in

tissues of eight arctic marine mammal species and the reliability of established lipid
normalization mathematical models. Animals store lipids, which are 13C-depleted, in their
tissues that often must     



13

C data (Post et al. 2002), but

methods to account for lipids in type of chemical solvent or mathematical model used can
vary considerably by species and tissue (Fagan et al. 2011). Thus, prior to examining the
foraging ecology of ringed seals, I first explored the effects of lipid extraction on their
liver and muscle tissues, as well as for seven other marine mammal species providing a
holistic approach in determining the best practice to account for lipids in arctic marine
mammal species prior to stable isotope analysis. This is also the first study to analyze in
    

13

 

15

N, %N and C:N values of lipids extracted from multiple

tissues of any animal. The testable hypotheses include:
1) Chemical lipid extraction will increase

13

C and

15

N values of skin, muscle

and liver tissues for all arctic marine mammal species due to the removal of 13Cdepleted lipid.
2) Chemical lipid extraction will be a more reliable and precise technique than
lipid normalization models when estimating lipid-free

13

C.

Chapter 3: Yurkowski, D.J., Ferguson, S.H., Semeniuk, C.A.D., Brown, T.M., Muir,
D.C.G and Fisk, A.T. Spatial and temporal variation of an ice-adapted predator’s
feeding ecology in a changing Arctic marine ecosystem. Oecologia, in press.
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Spatial and temporal variation can confound interpretations of relationships
within and between species in terms of their diet composition, niche size and trophic
position. The cause of dietary variation within species is commonly an ontogenetic niche
shift, which is a key dynamic influencing community structure. Next, I quantify spatial
and temporal variation of ringed seal dietary prey contributions, isotopic niche size and
trophic position during ontogeny across the Arctic using stable carbon (13C) and
nitrogen (15N) isotopes. The testable hypotheses include:
1) Adult ringed seals will have a more variable diet, isotopic niche size, and
trophic position than subadults due to their greater physiological capability in
utilizing more habitats. Alternatively, if these metrics were less variable in adults,
we predicted this to be attributed to foraging experience by them consuming more
energy-rich prey.
2) Ringed seals from the low-to high-Arctic will have similar diets, isotopic niche
size and trophic positions as a result of them utilizing similar resources.
Alternatively, it is possible that ringed seals in the low-Arctic have higher
variability in diet, isotopic niche size, and occupy a lower trophic position due to
higher species richness and the incidence of sub-arctic species expanding
northward with climate change.
3) Ringed seals across the Arctic have increased their isotopic niche size over
time, thus exhibiting enough dietary plasticity as a species to change between
different prey resources in a rapidly changing ecosystem.
Chapter 4: Yurkowski, D.J., Ferguson, S.H., Choy, E.S., Loseto, L.L., Brown, T.M., Muir,
D.C.G., Semeniuk, C.A.D. and Fisk, A.T. Latitudinal variation in ecological opportunity
and intra-specific competition indicates differences in niche variability and diet
specialization of arctic marine predators. Ecology and Evolution. In press.
13

Individual specialization is now a common concept in the ecological literature and
contributes another mechanism to quantify the complexities of ecosystem structure. The
causes of individual specialization include inter- and intra-specific competition for
resources, ecological opportunity (i.e. prey diversity) and predation. I investigate
individual and population-level niche variation and the degree of individual specialization
in two arctic marine predators, ringed seals and beluga whales, relative to latitude,
longitude and density across the Arctic using stable isotope analysis. I hypothesized that:
1) Due to higher ecological opportunity in the low-Arctic relative to the highArctic, the total niche width and degree of individual specialization of ringed
seals and beluga whales will be higher at lower latitudes, aligning with optimal
foraging theory.
2) In locations with the highest density estimates for both species, total niche
width and the degree of individual specialization will be highest due to increased
intra-specific competition.
Chapter 5: Yurkowski, D.J., Semeniuk, C.A.D., Harwood, L.A., Rosing-Asvid, A., Dietz,
R., Brown, T.M., Clackett, S., Grgicak-Mannion, A., Fisk, A.T. and Ferguson, S.H.
Greater environmental variation and competitive asymmetry increases foraging
behaviour variability across a species’ latitudinal range. Proceedings of Royal Society B:
Biological Sciences. Submitted.
Environmental and within-species variability among conspecifics affects species
behaviour, distribution and ecosystem structure. I quantified foraging behaviour
variability of ringed seals relative to competitive asymmetry and intra- and inter-annual
environmental variability including sea ice dynamics across its latitudinal range from six
locations using satellite telemetry transmitters (n = 130). I also examined whether
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common environmental and dive parameters consistently explained ringed seal foraging
behaviour across the Arctic. The testable hypotheses include:
1) Ringed seals across the Arctic behave alike and exhibit similar dive behaviours
across similar environmental contexts.
2) Ringed seals will respond to increased sea ice stochasticity by increasing
behavioural variability to adjust to inter-annual extremes in spatial and temporal
environmental variation affecting prey distribution.
3) Larger, older ringed seals will remain more resident than their smaller
conspecifics by competitively excluding them to other habitat patches and more
transitory behaviour.
Chapter 6: The influence of extrinsic and intrinsic mechanisms on the horizontal and
vertical space use of ringed seals (Pusa hispida) across the Arctic
Animals move across varying spatial gradients and environmental conditions
where decisions of space use by individuals affect their foraging, predatory avoidance
and mating behaviour. Variation in home range size within- and among-taxa is caused by
numerous intrinsic mechanisms, such as body size and trophic guild, and extrinsic
mechanisms including environmental stochasticity and latitude. Here, I quantify the
influence of the seasonality in sea ice dynamics, latitude, longitude, and intrinsic factors
such as age class and body size on the dive behaviour and home range size of a mobile
near-top trophic level predator, the ringed seal, across the Arctic. I hypothesized that:
1) Season will explain more variability in dive behaviour than intrinsic factors
where ringed seals will: dive less often, but deeper and for longer durations in the
open water period than the ice-covered period as a response to increased search
effort and utilization of prey during the more productive summer and fall.
15

2) Ringed seals will have more restricted home ranges in winter due to the
presence of sea ice and that high-Arctic ringed seals will have larger home ranges
than their conspecifics at more southerly latitudes as a possible response to a more
patchy resource distribution.
3) Older, larger ringed seals will have smaller home ranges than their conspecifics
as a result of competitive exclusion and increased foraging experience.
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Introduction
Stable isotope analysis has become a well-established tool in ecological studies to
assess trophic interactions and energy flow through ecosystems (Peterson and Fry 1987),
trace animal movements and habitat use (Rubenstein and Hobson 2004) and provide
time-integrated information of assimilated foods for diet reconstruction (DeNiro and

 

     13   15N) isotope ratios.

However, the synthesis and storage of lipids, which are depleted in 13C relative to protein
and carbohydrates (DeNiro and Epstein 1977), in animal tissues varies considerably due
to tissue type, life-stage, season, foraging behaviour (Fagan et al. 2011) and reproductive
status (Bowen et al. 1987). Thus, lipids normally need to be removed to reduce interindividual variation in lipid content and differences between tissue types in an individual

    13C values and avoid erroneous interpretations of ecological
relationships (Kiljunen et al. 2006; Post et al. 2007).

     13C values has long been recognized and is
removed from tissues by either chemical lipid-extraction (CLE) or mathematical
normalization (DeNiro and Epstein 1977; Logan et al. 2008). CLE is a time- and labourintensive process, especially for studies dealing with large sample sizes (Kelly 2000).
One of the most common methods for CLE is the Bligh and Dyer (1959) method, which
uses a chloroform:methanol solvent to reduce lipids. The use of polar organic solvents
removes simple lipids but may also extract more complex lipophilic amino acids and
polar lipids that are bound to membrane proteins (Sweeting et al. 2006). Therefore, CLE
has been found to  15N values across a number of taxa, usually resulting in an 15N-

  15N (Pinnegar and Polunin 1999; Sotiropoulos et al. 2004; Murry et al.
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2006; Sweeting et al. 2006; Lesage et al. 2010; Hussey et al. 2012b; Elliott et al. 2014).
Although, a number of studies have reported depletion in 15

    15N values

following lipid extraction (Bodin et al. 2007; Ingram et al. 2007; Ricca et al. 2007;
Barrow et al. 2008; Horstmann-Dehn et al. 2012).
The effects of CLE on 13C and 15N values differ considerably between species
and tissues with varying lipid content where changes to 13C values range from -0.2 to
5.0‰ (Ehrich et al. 2011; Hussey et al. 2012) and -0.2 to 2.9‰ for 15N (Logan et al.
2008; Sotiropoulos et al. 2004). To mitigate the potential change

 15N caused by CLE,

a few studies have suggested analyzing two aliquots of a sample, one lipid-extracted (LE)
to determine 13C and one non-lipid-

    15N (Sotiropoulos et al. 2004;

Murry et al. 2006; Sweeting et al. 2006), but this greatly increases time involved and
doubles cost of analyses. Several generalized (McConnaughey and McRoy 1979; Fry et
al. 2003; Post et al. 2007) and species-specific (Lesage et al. 2010; Ehrich et al. 2011)
lipid-normalization (LN) models have been established to estimate lipid-free 13C values
in aquatic organisms without the need for CLE. But, these models have produced
inconsistent results as no single model has consistently performed best across tissues,
species and species-groups, suggesting species- and tissue-specific effects (Logan et al.
2008; Lesage et al. 2010; Ehrich et al. 2011; Ryan et al. 2012). In addition, the effects of
CLE on 13C and 15N values and the applicability of generalized and species-specific
LN models has not been formally tested for most biota, especially in the Arctic.
Arctic species, especially marine mammals, experience high variation in lipid
storage and percent blubber content relative to season, which is a fundamental
specialization to their environment due to their highly variable food supply throughout
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the year (Lee 1974; Ryg et al. 1990; Falk-Petersen et al. 2000). In arctic marine
mammals, seasonal changes in body mass mainly due to fluctuations in percent blubber
content are common (Ryg et al. 1990) and in turn affect the routing of lipids to
proteinaceous tissues (Martínez del Rio et al. 2009). Therefore, the lipid physiology of
arctic marine mammals offers a unique opportunity to determine the effects of lipid
      

13

 

15

N values. We quan



13

 

15

N,

%N and C:N values of lipids extracted from liver and muscle to provide insight on the
mechanisms that may drive stable isotope differences between tissues. This is the first
    

   

13

 

15

N, %N and C:N values of lipids

extracted from multiple tissues of any animal. The objectives of this study were: (1) to
   

     

13



15

N and C:N values of liver, skin, and muscle

for eight arctic marine mammal species, (2) to evaluate six LN models that utilize non



 



13

C values to estimate lipid-

13

C for tissues with

varying lipid content by species, and (3) develop a decision framework to determine
whether CLE should be undertaken prior to SIA dependent on species and stable isotopes
of interest.

Materials and methods
Paired liver and muscle samples from bearded seals (Erignathus barbatus),
harbour seals (Phoca vitulina), harp seals (Pagophilus groenlandicus), ringed seals (Pusa
hispida),walrus (Odobenus rosmarus) and beluga (Delphinapterus leucas), as well as
paired skin, liver and muscle samples from narwhal (Monodon monoceros) and muscle
samples from bowhead whales (Balaena mysticetus) were collected opportunistically
throughout the year by Inuit hunters from across the Canadian Arctic as part of their
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subsistence harvests from 1996 – 2010 (Table 2.1). This study provides novel analysis
into the biochemistry of walrus tissues, which has not been well-studied. For some
individuals, a sample of only one tissue type was provided (Table 2.1). All tissue samples
were placed in plastic bags (Whirl-Pak™) immediately after sampling and then stored
frozen at -20°C, which is the preferred preservation method for higher-order fauna
(Hobson et al. 1997; Bosley and Wainwright 1998; Sweeting et al. 2004).
Frozen liver, muscle and skin samples were freeze-dried for 48 hours, and then
homogenized by hand using a mortar and pestle. Lipids were extracted using 2ml of 2:1
chloroform:methanol solvent similar to the Bligh and Dyer (1959) method and
established in McMeans et al. (2009). Then, 400-600µg of LE and BULK skin, liver and
muscle was weighed into tin capsules for stable isotope analysis. To determine stable
isotope values in extracted lipid and percent lipid content, a subset of five liver and
muscle samples from each species with sufficient sample volume (0.10 to 0.25g), which
included ringed, bearded and harbour seals, walrus, narwhal and beluga, were extracted
with 3ml of 2:1 chloroform:methanol solution following McMeans et al. (2009). The
supernatant was filtered through a No. 1 Whatman filter paper and drained into a preweighed aluminum dish, where the supernatant was allowed to evaporate at room
temperature in a fume-hood for 24 hours. Percent lipid was determined gravimetrically.
Because lipids have high carbon but low N, 900 – 3500µg of lipid was weighed into tin
capsules for an accurate 15N value and an additional 800 – 1000µg of lipid was weighed
into another tin capsule to avoid excessive carbon and obtain reliable 13C values. The
15N and 13C values were measured by a Thermo Finnigan DeltaPlus mass-spectrometer

(Thermo Finnigan, San Jose, CA, USA) coupled with an elemental analyzer (Costech,
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Valencia, CA, USA) at the Chemical Tracers Laboratory, Great Lakes Institute for
Environmental Research, University of Windsor, Canada. Stable isotope ratios are
expressed in parts per thousand (‰

  

  

  sample/Rstandard



   

  

– 1] x 1,000

where X is 13C or 15N and R equals 13C/12C or 15N/14N. The standard material for 13C and
15

N are Pee Dee Belemnite and atmospheric N, respectively. The analytical precision

based off the standard deviation of replicated analyses of two standards (bovine muscle
(NIST 8414) and an internal lab standard (tilapia muscle) n = 58 for each) were <0.1‰
for 15N and 13C. NIST standards (sucrose (NIST 8542) and ammonia sulphate (NIST
8547); n = 3 for each) that were analyzed during the study generated values that were
within <0.1

     

15
 

13

C. In addition, triplicates were run for

every 13th sample and the standard deviation of replicates for 15N and 13C were within
precision values (<0.1‰) and the %C and %N were <0.5% and <0.2%, respectively.
Stable isotope values for BULK and LE liver, muscle and skin from all species
and species-group were normal based on normal quantile-quantile plots and showed no
heteroscedasticity based on Levene’s tests (all P > 0.05), thus data were not transformed.
To quantify the effects of CLE



13
 

15

N values, differences between BULK and

LE muscle, liver and skin samples for each species was assessed using paired t-tests.
Linear regression analyses were used to: (1) examine the relationship between
(LE - BULK

13

13

CDIFF

C) and BULK C:N in liver and muscle among all species, (2) determine

the relationship between BULK and LE

15

species, and (3) investigate relationships of

N values for liver and muscle among all
15
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NDIFF (LE - BULK

15

N) and lipid content

relative to BULK C:N, as well as N (µg) in lipid extracts relative to tissue lipid content
among all species.
Six general and species-specific linear and non-linear LN models that use BULK

  13C parameters were evaluated to determine best model fit among and between
arctic marine mammal species using data from tissues of all species.
1) A generalized non-linear model developed by McConnaughey and McRoy (1979)
estimated lipid-free 13C 13C’) for several marine invertebrates and vertebrates using
the following two equations:



=

93
1 + (0.246 × : )

0.775



. 
  =  C +  ×  + 
/

(1)

where L represents proportional lipid content, C:N is the ratio of C and N in the BULK
sample, D signifies the isotopic difference between protein and lipid and I is a constant (0.207) (McConnaughey 1978). The D was estimated for liver and muscle of each species,
although a D of 6.0‰ was used when it could not be quantified due to low sample
volume (refer to Table 2 for D values). A D of 6.4‰ was used for cetacean skin (Lesage
et al. 2010).
2) Post et al. (2007) developed a new approach by using 16 aquatic species from several

!"#$#% &# %"  ' (")  (* + &" ( %" #%*&% 13C’ by only using BULK C:N:
(2)
,- ./ = ,- C 3.32 + 0.99 × :
3) Fry et al. (2003) developed a mass-0(!

))+"!1 %" !(!2(% 13C’ using BULK

C:N, C:N of pure protein (lipid-extracted sample; C:Nprotein) and D:

,13 C'= 34

5+[D3BULK C:N-C:Nprotein5]

13 C ×BULK C:N

BULK C:N
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(3)

4) Lesage et al. (2010) proposed and developed a species-specific linear model for whale
   

13

C of BULK tissue in relation to 13CDIFF.
 

 C

=

 + (Bulk 13C)

(4)

5) Ehrich et al. (2011) developed a species-specific linear model for bird and mammal
muscle using the C:N of BULK tissue in relation to 13CDIFF.
 

 C

=

 + (Bulk C: N)

(5)

6) Logan et al. (2008; eqn. 3) developed a linear model for aquatic vertebrate and
invertebrates using log-transformed BULK C:N in relation to 13CDIFF.
 

 C

=

 + ln( :  )

(6)

We compared the validity of each LN model in relation to our data by species
using Akaike Information Criterion corrected for small sample sizes using residual sums
of squares from regression analysis between observed 13CDIFF and predicted 13CDIFF
(AICc; Burnham and Anderson 2002). AICc values were calculated using the following
equation:
AIC = n LN(RSS/n) +

2 ( + 1)
n  1

where RSS is residual sums of squares, n represents sample size and k is the number of
parameters in the model and in this case is three which includes the intercept, slope and
predicted 13CDIFF. Model fit was assessed using r2, mean square error (MSE) and AICc
values where higher r2 values and, smaller MSE and AICc values equate to better model
fit and accuracy. In addition to determining the model with the best fit, we calculated
AICc weights which measures the weight in support of the model given the data and the
    

!" #   $ %&i)
&i =

AICci – min AICc
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using the equation:

where AICci is the AICc value for model i and min AICc is the minimum AICc value
between all models (Burnham and Anderson,   

 i  



  i > 10

 

 i         





have no support (Burnham and Anderson 2002). The proportion of predicted 13CDIFF
values that were within 0.1‰ (i.e. analytical precision) of the observed 13CDIFF values
(P0.1) was calculated to determine LN model accuracy. Statistical analyses were
     !! "  

  # $  #  

% & '

Results
Liver and skin
Differences in 13C, 15N and C:N values between CLE and BULK were speciesand tissue-specific (Fig. 2.1A-F). Mean LE 13$  15N values were significantly
greater   ()*+ 13$  15N values (13CDIFF and 15NDIFF), ranging from
0.7 (narwhal) to 1.9‰ (bearded seal; t4-43 = 8.98 to 26.03; all P < 0.001) for C and 0.1
(ringed seal and narwhal) to 0.3‰ (harbour seal and walrus; t4-43 = 2.67 to 6.14; all P <
0.02) for N in liver (Fig. 2.1A, B; Table 2.1 and Table S2.1 in Supplementary material).
In addition, the C:N value significantly decreased after CLE in liver among all species (t443

= 9.64 to 31.80; all P < 0.001) by an average of 0.5 (narwhal) to 1.4 (bearded seal). The

13CDIFF, 15NDIFF and C:NDIFF values (difference between LE and BULK tissue) of liver
were not consistent within species with the highest amount of variation in 13CDIFF and
15NDIFF occurring in beluga and walrus, respectively (Fig. 2.1A, B). Among individuals
within a species, the maximum 15NDIFF values occurred in walrus (1.6‰) and beluga
(1.0‰), but generally was <0.5‰ for most species. As well, the largest amount of
variation in C:NDIFF values occurred in beluga (1.5), walrus and bearded seals (1.9; Fig.
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1C). In narwhal skin, there was a significant increase

 

13

C by 0.9‰ (t38 = 15.25; P <

0.001) and difference in C:N (t38 = 10.84; P < 0.001) between LE and BULK samples,
 

15

N remained unchanged (t38 = 1.64; P > 0.05).

Muscle
The effects of CLE

 

13

variable between species than liver.



15

N and C:N values for muscle were much more

 

13

C values were significantly higher for LE

muscle samples in relation to BULK muscle samples by a mean of 0.2 to 0.4‰ (t6-34 =
3.05 to 7.24; P < 0.001) in harp seals, walrus, bowhead and beluga (Table 2.1), whereas
there was no significant effect of CLE o 13C values for harbour and ringed seals, and
narwhal (t10-57 = 0.27 to 1.27; P > 0.05; Fig. 2.1D). The 13C values of bearded seal
muscle became significantly depleted in 13C (-0.2‰; t21 = 4.31; P < 0.01) and the 15N
values were significantly enriched in 15N after CLE in muscle for all species (t6-57 range =
2.77 to 15.14; all P < 0.01) by an average of 0.1 to 0.4‰, except for harp seals (t6 = 1.94;
P > 0.05; Fig. 2.1D, E). The C:N values significantly decreased after CLE in muscle for
harp and ringed seals, walrus, bowhead, beluga and narwhal (t6-57 = 3.90 to 6.18; all P <
0.005), except for bearded (t21 = 1.27; P = 0.22) and harbour (t10 = 1.04; P > 0.05) seals.
The highest amount of variation in 13CDIFF, 15NDIFF and C:NDIFF in muscle occurred in
bowhead, beluga, narwhal, harbour seals and ringed seals (Fig. 2.1D, E). The maximum
increases in 15NDIFF occurred in beluga (1.2‰), narwhal (1.0‰) and ringed seals
(1.0‰), but generally 15NDIFF increased <0.5‰ for most species. The largest amount of
variation in C:NDIFF values occurred in bowhead whales (1.0; Fig. 2.1F). Among marine
mammals, regressions of 15N values between BULK and LE samples showed a 1:1
relationship (slope = 0.97 for liver and 0.96 for muscle) indicating that the effect of CLE
was uniform across different species and C:N values. Among all species, a significant
36

increase between 15NDIFF and BULK C:N only occurred in liver, but with low fit (r2 =
0.04; Fig. 2.2).
Tissue lipid content
Percent lipid content was higher in liver than muscle for all species (Table 2.2)
where BULK C:N was a better indicator of lipid content in liver than muscle (Fig. 2.3).
Slightly higher mean %C values occurred in lipids extracted from liver (67.1 – 74.3%)
compared to muscle (60.8 – 67.1%), whereas mean %N values were slightly higher in
muscle (3.5 – 5.0%) than liver (1.9 – 3.2%) among all species (Table 2.2). As a result,
mean C:N values were much higher in lipids extracted from liver (24.0 – 39.5) than
muscle (12.6 – 19.9; Table 2.2). The 13C values of lipids extracted from both muscle and
liver were similar among each species (mean difference = 0.2 – 0.5‰, except narwhal =
1.8‰; Table 2.2). Lipid 13C values were lower than the 13C values of LE muscle (D;
6.6 – 7.8‰) and liver (6.9 – 7.9‰) for each species (Table 2.2). The 15N values of lipids
were lower than 15N values of BULK tissues. Although lipids extracted from muscle had
slightly higher %N values, 15N values were lower in comparison to liver for all
respective species, except narwhal (Table 2.2). The isotopic difference of 15N between
lipid and BULK liver and muscle (D) was generally higher in muscle than liver but less
variation occurred in liver (Table 2.2). Among marine mammal liver and muscle, no
relationship occurred between tissue lipid content (%) and N (µg) in lipid extracts (Fig.
2.4).
LN Models

            13CDIFF in relation to
BULK C:N occurred in both liver and muscle (Fig. 2.5). After estimating the 13CDIFF
using LN models, best model fit was evaluated
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  c, MSE, r2 and P0.1 with results

varying considerably between species and tissues. The species-specific linear models (i.e.
models 4 and 5) were the most appropriate for liver among species (P0.1 range = 45 –
86%; r2 range = 0.21 – 0.97; Table 2.3; see Table S2.2 in Supplementary material).
Model 4 fit the best for harbour and harp seals, walrus, and narwhal whereas model 5 was
the best fit for bearded seals, ringed seals, and beluga (Table 2.3). Model 5 fit best for
narwhal skin (P0.1 = 32%; r2 = 0.54; Table 2.3). For muscle, model 5 had the lowest

 c for some species (harp and ringed seals, and walrus,) and generally had best fit
(P0.1 range = 47 – 75; r2 range = 0.18 – 0.59). Model fit varied among the other species,
as model 4  

   c for bearded and harp seals, and bowhead whales, and

model 3 had the best fit for harbor seals, beluga and narwhal. Model 6 had very poor fit
for both liver and muscle of all species (Fig. 2.6D, H). Overall, the generalized LN
models (models 1, 2 and 3, and 6; Fig. 2.5) were not as accurate in predicting lipid-free
13

C values in most tissues and species compared to the species-specific linear models

(models 4 and 5).

Discussion

    13  15N
The need for CLE depends on the study question being addressed, but the

 

!"

13

C values is vital when investigating individual- and

population-level dietary and habitat differences (Hobson et al. 2002; Newsome et al.

#$$%&' (   

 

13

15

N values after CLE varied considerably between tissues

and species demonstrating the importance of a more quantitative understanding of tissue
and species effects when using stable isotopes in ecological studies. As expected, CLE

"  )  

13

C values in higher lipid marine mammal tissues, but not always
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for lower lipid tissues (i.e. muscle). Lipid content may explain much of the variability in
     

 

13

C between arctic marine mammal species, which has

been reported in fishes and related to life-stage, sex, breeding status, foraging ecology,
season and geographic location (Hendrixson et al. 2007; Fagan et al. 2011). Due to the
opportunistic sampling, lack of biometrical information for most samples and the paucity
of samples by season and species we are unable investigate intra-annual and intra-species
variation in lipid content for arctic marine mammals.
CLE also significantly influenced

15

N values, generally causing an increase

although results were species and tissue dependent. This increase in

15

N was verified by

isotope analysis of lipid extracts, which had a small amount of 15N-depleted nitrogen.
Lesage et al. (2010) found that CLE had a         

15

N values for

cetacean skin potentially as a result of water washing (Jacob et al. 2005), whereas
Horstmann-Dehn et al. (2012) and Ehrich et al. (2011) observed no significant changes in
15

N for cetacean skin and muscle, and bird and terrestrial mammal muscle, respectively.

Both studies, as well as ours, used a chloroform:methanol solvent to extract lipids, but the
effects on mammal tissues varied considerably between studies, likely due to differences
in tissue lipid content, variation in specific extraction techniques or differences in
analytical precision (<0.1‰ for

13

C and

15

N – this study; 0.2‰ for

13

C and

15

N–

Horstmann-Dehn et al. 2012; Ehrich et al. 2011).
The mean     

15

N values in liver (0.2‰) and muscle (0.3‰) of all

species after CLE was greater than analytical variability. Within species, a high amount
    

15

N values (up to 1.6‰ difference) occurred after CLE, similar to other

studies (Murry et al. 2006; Ryan et al. 2012). This can cause trophic misinterpretations at
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a population or species level in terms of isotopic niche analyses (Newsome et al. 2007),
particularly when using community-wide metrics (i.e. convex hull; Layman et al. 2007).
  





15

N by CLE could alter trophic level estimates via a scaled

framework (Hussey et al. 2014) in higher order taxa, as well as diet reconstructions by
mixing models (Tarroux et al. 2010), which are also sensitive to diet-tissue discrimination


 

15

15

N pred –

N prey; Bond and Diamond 2011). A DTDF of less than 2.5

has been reported for birds (Hobson and Clark 1992; Caut et al. 2009), large animals
(Hobson et al. 1996; Hussey et al. 2010, 2012a; Caut et al. 2011; Varela et al. 2011) and
   

15



N prey (Caut et al. 2009; Hussey et al. 2014).

Lipid content
BULK C:N was not a reasonable indicator of lipid content in marine mammal
liver and muscle, which is similar to results from Fagan et al. (2011) for lake whitefish
(Coregonus clupeaformis) but contrasts with previous studies on other fishes, crustaceans
and combined aquatic and terrestrial species (Bodin et al. 2007; Post et al. 2007; Logan et
al. 2008). Biological factors, such as a species’ feeding ecology, nutritional status, age
and reproductive status play a role in lipid content and elemental composition variability
which may lead to these discrepancies between studies (Fagan et al. 2011). As well, the
     

13

C values at   

  !"  #   



tissues, and tissues should not necessarily be considered lean (i.e. lipid extraction not
$

"  



   !

 

 

  



  %  !

do not require CLE, consistent with Post et al. (2007). However, a significant increase in
13
 

 

&'  (      





   ! 

 

caution should be used when applying the “C:N 3.5 rule”. Lesage et al. (2010) observed a
similar result, findi  

 



 #  
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13

C in cetacean

  

   

13

C D (isotopic difference between lipids and LE

tissue) was similar for liver and muscle among all species, but slightly higher than that
for tissues of pelagic seabirds (4.2 – 6.8‰; Thompson et al. 2000), fish (5.5 – 7.3‰;
Focken and Becker 1998; Gaye-Siessegger et al. 2003; Schlechtriem et al. 2003) and
cetacean skin (6.4‰; Lesage et al. 2010). This suggests that lipids in marine mammal
liver and muscle may be more depleted in 13C, but requires further investigation via
compound-specific stable isotope analysis.
Ingram et al. (2007) found a

15

     

NDIFF

and BULK C:N for fish muscle and proposed that the effects of CLE  15N values
decrease with higher C:N. Our data do not support this finding, as an isometric
relationship between 15N with increasing BULK C:N for muscle and a significant
positive relationship with low fit occurred in liver. A small amount of nitrogen was
observed in lipids extracted via CLE from liver and muscle in all species. The amount of
N in the lipid extracts was not correlated with tissue lipid content, indicating that this
lipid-associated N is likely some combination of cell membrane proteins associated with
both nonpolar and polar lipids, such as glycolipids, phospholipids and sphingolipids
(Sotiropoulos et al. 2004; Bodin et al. 2007) and nitrogenous waste product, such as urea
or ammonia as suggested but not verified by other studies (Bearhop et al. 2000; Fisk et al.
2002; Hussey et al. 2012b). In mammals, urea is synthesized from ammonia in the liver
(Balter et al. 2006), thus if a significant amount of metabolic waste products were
removed via CLE, one would expect much more N and higher 15N D in lipids from liver
than muscle in all species, which did not occur. The magnitude of D for 15N varied
slightly between muscle and liver, but N in lipid extracts was relatively low among all
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species suggesting that CLE extracts a minor amount of both metabolic waste compounds
and cell membrane proteins.
LN models
The use of LN models largely depends on the precision of stable isotope values
needed for one’s study objectives. Models specific to species and tissue generally fit best
and despite observing a significant linear relationship with modest fit between BULK

  13CDIFF

for both arctic marine mammal liver and muscle, linear LN model

performance varied considerably between tissues and species. However, the linear LN



         13C (model 4) were generally the

top performing models when predicting lipid-

13C. Overall, the reliability of a

common LN model for arctic marine mammal muscle and liver did not occur, similar to
observations from tissues of other mammalian (Lesage et al. 2010; Ryan et al. 2012) and
fish (Logan et al. 2008; Mintenbeck et al. 2008) species.

        13CDIFF values that were within 0.1‰ of the
   13CDIFF values (P0.1) for the best fit LN models were generally low for most
species and tissues, except in harp seal and narwhal liver, and bearded seal, harbour seal,
harp seal, walrus and bowhead muscle muscle where P0.1

 !"#$% &  

  

sharply with Ehrich et al. (2011) who concluded that several LN models (model 2, 3 and



     '    13CDIFF values in arctic bird and mammal muscle.

Caution must be used with their recommendation due to their approach where a predicted

13CDIFF 

  #%(      13CDIFF value (P0.5) was considered

acceptable. When P0.5 was applied to our data for the best fit LN model, prediction
accuracy increased substantially with the majority of species reaching 100% predictive
efficiency in liver, muscle and skin, but we do not recommend its use when maximal
42

   

13

CDIFF of 0.5‰ is over twice the average analytical varability

(0.2‰) for stable isotope analysis and would have a variance of 1.0‰, which is
comparable to the trophic discrimination factor in carbon between prey and consumers
for numerous taxa (DeNiro and Epstein 1978; Caut et al. 2009). A variance of 1.0‰ for
13

C can lead to considerable bias when estimating trophic discrimination factors and

when using Bayesian stable isotope mixing models to estimate dietary proportions. In a
two- 

13

C mixing model where sources were 2.0‰ apart, Lesage et al.

       

       

13

C resulted in a

bias of 30% in prey contributions. Thus, when determining how well the LN model
 

13

CDIFF     

13

CDIFF, we recommend using a value

within analytical precision.
Decision framework
The question of whether CLE is required to standardize data is dependent on
individual research questions. We developed a summary decision framework to guide
researchers on the effects of CLE based on our study species and stable isotopes of
    

!

13

C to investigate habitat use, such as two-source

primary production models, CLE is always required in liver and skin (i.e. higher lipid
content) for marine mammals. However, the effects of CLE in marine mammal muscle
(i.e. lower lipid content) were species-specific and is likely a result of lipid content
affecting elemental composition in muscle due to potential underlying differences in
age, breeding and nutritional status, and feeding ecologies (Hendrixson et al. 2007; Fagan
et al. 2001). Therefore, to mitigate intra- and inter-species variability in lipid content of
   " # 

! $%&    '
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13

C values.

  

13



15

N in combination to address factors, such as estimating

dietary proportions of prey items, diet-tissue discrimination factors, niche size, nutritional
stress and turnover rate analysis, lipids must be accounted for, but a significant

    

15

N values after CLE occurred in most species which can lead to

misinterpretations of ecological relationships. For liver and muscle of all study species,

   
        

the best fit linear LN model performed reasonably well with P0.1
recommend the use of LN models with a P0.1

on the level of precision needed based on one’s study objectives as the vast majority of
LN models were 100% accurate within 0.5‰, which has been used in other studies
(Ehrich et al. 2011; Ryan et al. 2012).In marine mammal skin, LN models did not

           

15

N after CLE across species

occurred, thus we advocate using CLE on marine mammal skin. Overall, our results
highlight that species-specific linear LN models used with their own estimated
parameters should be used in most cases.
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Table 2.1. Mean ± SE 13C, 15N, and C:N values of lipid-extracted (LE) and non-lipid-extracted (BULK) tissue samples from arctic
marine mammal tissues. L: liver, M: muscle, S: skin.
Species
Species

BULK
13

C (‰)

LE

BULK

C (‰)

15

13

N (‰)

LE
15

N (‰)

BULK

LE

C:N

C:N

Genus species

Code

Tissue

n

Erignathus barbatus

Bea

L

18

-21.4 ± 0.3

-19.5 ± 0.3

16.1 ± 0.2

16.3 ± 0.2

4.9 ± 0.1

3.5 ± 0.1

M

22

-18.9 ± 0.3

-19.1 ± 0.2

15.5 ± 0.2

15.9 ± 0.2

3.4 ± 0.1

3.4 ± 0.1

Phoca vitulina

Hbr

L

11

-19.8 ± 0.3

-18.7 ± 0.4

16.8 ± 0.7

17.1 ± 0.7

4.2 ± 0.1

3.6 ± 0.1

M

11

-19.1 ± 0.1

-19.1 ± 0.1

16.4 ± 0.2

16.8 ± 0.4

3.4 ± 0.1

3.4 ± 0.1

Pagophilus groenlandicus

Har

L

7

-19.5 ± 0.1

-17.8 ± 0.1

15.5 ± 0.2

15.7 ± 0.1

4.5 ± 0.1

3.5 ± 0.1

M

7

-18.2 ± 0.1

-17.9 ± 0.1

14.9 ± 0.2

15.1 ± 0.4

3.6 ± 0.1

3.3 ± 0.1

Pusa hispida

Rin

L

44

-19.9 ± 0.1

-18.9 ± 0.1

15.5 ± 0.1

15.6 ± 0.1

4.1 ± 0.1

3.5 ± 0.1

M

58

-18.8 ± 0.1

-18.9 ± 0.1

15.1 ± 0.1

15.3 ± 0.1

3.5 ± 0.1

3.4 ± 0.1

Odobenus rosmarus

Wal

L

20

-20.8 ± 0.1

-19.6 ± 0.2

12.7 ± 0.1

13.0 ± 0.1

5.0 ± 0.1

4.0 ± 0.1

M

19

-19.4 ± 0.2

-19.2 ± 0.2

12.3 ± 0.1

12.7 ± 0.1

3.5 ± 0.1

3.3 ± 0.1

L

29

-19.7 ± 0.1

-18.7 ± 0.1

17.0 ± 0.1

17.1 ± 0.1

4.2 ± 0.1

3.6 ± 0.1

M

31

-18.7 ± 0.1

-18.4 ± 0.1

16.4 ± 0.1

16.7 ± 0.1

3.5 ± 0.1

3.4 ± 0.1

Pinnipeds
Bearded seal
Harbour seal
Harp seal
Ringed seal
Walrus
Cetaceans
Beluga

Delphinapterus leucas

Bel

Bowhead

Balaena mystticetus

Bow

M

7

-19.8 ± 0.4

-19.4 ± 0.3

12.0 ± 0.3

12.4 ± 0.3

4.2 ± 0.2

3.7 ± 0.1

Narwhal

Monodon monoceros

Nar

L

5

-19.5 ± 0.3

-18.8 ± 0.3

16.8 ± 0.1

17.0 ± 0.1

4.0 ± 0.1

3.5 ± 0.1

M

39

-17.7 ± 0.1

-17.7 ± 0.1

14.7 ± 0.1

15.0 ± 0.1

3.5 ± 0.1

3.4 ± 0.1

S

39

-18.2 ± 0.1

-17.3 ± 0.1

15.0 ± 0.1

15.1 ± 0.1

4.1 ± 0.1

3.6 ± 0.1

Note: Samples were collected from across the Canadian Arctic in the following locations: Arviat, Chesterfield Inlet, Igloolik, Iqaluit,
Grise Fiord, Pangnirtung, Repulse Bay, Resolute and Sanikiluaq, Nunavut and Holman, Northwest Territories.
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Table 2.2. Mean ± SE 13C,  15N, % N and C:N values of lipids extracted from arctic marine mammal liver and muscle. D
represents the isotopic difference in 13  15N between LE tissue and lipid. L: liver, M: muscle

Species code
Pinnipeds
Bea
Har
Rin
Wal
Cetaceans
Bel
Nar

C (%)

13C
D (‰)

15N (‰)

-27.4 ± 0.7
-26.0 ± 1.2
-26.4 ± 0.9
-25.6 ± 0.7
-26.1 ± 0.6
-27.6 ± 0.2
-27.4 ± 0.4

74.3 ± 1.8
69.9 ± 2.3
67.1 ± 2.3
67.4 ± 1.9
66.5 ± 4.1
71.5 ± 3.1
67.1 ± 2.6

7.6 ± 0.6
7.3 ± 0.6
7.5 ± 0.5
6.9 ± 0.8
7.0 ± 0.6
7.7 ± 0.5
7.8 ± 0.4

-26.7 ± 0.3
-26.2 ± 1.0
-26.8 ± 0.1
-25.0 ± 1.1

68.1 ± 7.4
63.0 ± 2.5
67.1 ± 4.0
60.8 ± 3.3

7.9 ± 0.2
7.7 ± 1.1
7.4 ± 0.9
6.6 ± 0.9

n

Lipid
Content (%)

13C (‰)

L
L
M
L
M
L
M

5
5
5
5
3
5
5

24.5 ± 4.0
14.9 ± 1.1
7.9 ± 0.9
20.1 ± 10.2
7.9 ± 1.61
19.4 ± 2.4
17.1 ± 1.0

L
M
L
M

3
5
3
4

13.9 ± 3.6
9.3 ± 1.1
11.7 ± 0.8
9.5 ± 0.6

Tissue
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N (%)

15N
D (‰)

C:N

11.1 ± 1.1
11.2 ± 1.8
10.6 ± 1.6
10.3 ± 2.0
9.0 ± 0.7
7.8 ± 1.4
5.8 ± 0.7

1.9 ±0.3
2.4 ± 0.4
3.5 ± 0.5
3.0 ± 0.6
4.4 ± 1.2
2.1 ± 0.6
3.9 ± 0.6

4.9 ± 0.5
6.0 ± 0.6
5.3 ± 0.4
5.2 ± 2.0
6.2 ± 0.3
5.1 ± 1.6
6.5 ± 0.6

39.5 ± 6.6
29.4 ± 3.8
19.9 ± 3.8
24.0 ± 6.4
16.6 ± 6.8
36.7 ± 8.8
17.8 ± 3.8

12.4 ± 1.6
11.4 ± 0.7
11.7 ± 0.6
11.9 ± 0.7

2.3 ± 0.6
4.5 ± 0.8
3.2 ± 1.8
5.0 ± 1.0

4.3 ± 1.4
4.9 ± 0.7
5.3 ± 1.0
4.1 ± 0.6

30.2 ± 4.0
14.3 ± 2.7
30.0 ± 4.4
12.6 ± 3.4

Table 2.3. Summary of Akaike's information criterion corrected for small sample sizes
   

            

marine mammal tissues. Only the top two models are shown for each species and tissue;
corresponding models can be found in the methods. Coefficient of determination (r2),
mean square error (MSE), P0.1 and P0.5, which represents the proportion between predicted
13
    CDIFF values within 0.1‰ and 0.5‰, respectively.
Model

Akaike
weight

Pred0.1 (%)

Pred0.5 (%)

2.50
0.00

0.19
0.66

61
61

100
100

0.50
0.46

0.67
0.00

0.40
0.56

64
73

100
100

0.02
0.05

0.79
0.44

0.00
6.93

0.97
0.03

86
57

100
100

0.04
0.02

0.19
0.62

29.80
0.00

0.00
1.00

43
68

100
100

0.09
0.11

0.21
<0.00

0.00
4.67

0.91
0.09

50
45

90
85

0.05
0.04

0.74
0.74

7.31
0.00

0.03
0.97

55
61

100
100

0.01
0.02

0.97
0.96

0.00
2.03

0.59
0.22

80
80

100
100

0.01
0.02

0.38
0.02

0.00
10.15

1.00
0.00

80
70

100
100

0.01
0.01

0.79
0.20

0.00
12.79

1.00
0.00

100
73

100
100

MSE

r2

0.04
0.04

0.86
0.65

0.02
0.01



c

Liver
Pinnipeds

Bearded seal
2
5
Harbour seal
3
4
Harp seal
4
5
Ringed seal
3
5
Walrus
4
5
Cetaceans
Beluga
2
5
Narwhal
4
5
Muscle
Pinnipeds
Bearded seal
4
5
Harbour seal
3
4
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Harp seal
4
5
Ringed seal
4
5
Walrus
4
5
Cetaceans
Beluga
3
4
Bowhead
4
5
Narwhal
3
5
Skin
Narwhal
4
5

0.02
0.01

0.33
0.45

1.40
0.00

0.33
0.67

71
71

100
100

0.06
0.05

0.16
0.25

6.11
0.00

0.04
0.96

60
62

98
98

0.03
0.03

0.54
0.56

1.02
0.00

0.32
0.54

74
58

100
100

0.03
0.03

0.69
0.60

0.00
7.06

0.97
0.03

65
48

97
97

0.02
0.04

0.83
0.64

0.00
5.21

0.93
0.07

71
57

100
100

0.06
0.06

0.62
0.48

0.00
1.18

0.62
0.35

38
44

100
97

0.06
0.05

0.48
0.54

5.16
0.00

0.07
0.93

0
38

100
97
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Table 2.4. Framework to determine if lipid extraction is required for arctic marine mammal (individual, population and species-group
levels) tissues prior to stable isotope (SI) analysis of 13  15N. R = lipid extraction is required, A = lipid extraction is required but
    15N, N = no significant difference between LE and BULK sample.
Bearded
seal

Harbour
seal

Harp
seal

Ringed
seal

Walrus

Beluga

Bowhead

Narwhal

R

N

R

N

R

R

R

N

N

A

N

R

N

A

A

A

N

13C
13  15N

R

R

R

R

R

R

-

R

A

A

A

A

A

A

-

A

-

-

-

-

-

R†

R*

R

-

-

-

-

-

R†

R*

R

Stable Isotope
Muscle
13C

   
13

15

Liver

Skin

13C
13  15N

* From Lesage et al. 2010
† From Horstmann-Dehn et al. 2012
- signifies unstudied
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Fig. 2.1.   13
  15N (B and E) and C:N ratio (C and F) between
lipid-extracted (LE) and non-lipid-extracted (BULK) liver (A, B and C) and muscle (D, E
and F) samples from arctic marine mammals. Circles represent mean values (±SD) with
significance (black circles) and non-significance (open circles) in paired t-tests between
LE and BULK values (see Supplementary material). See Table 2.1 for species codes and
sample size.
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Fig. 2.1.         15N of lipid-extracted and BULK liver
(A) and muscle (B) samples and the C:N value of non-lipid-extracted (BULK) from
arctic marine mammals. Linear regression for A   15NDIFF = 0.12x – 0.33,
r2 = 0.04, F1,132 = 5.54, p < 0.05) for liver but no significant relationship was found
muscle.
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Fig. 2.2. Relationship between BULK C:N and lipid content (%) for liver (A) and muscle
(B) of six and five arctic marine mammals, respectively. See Table 1 for species codes.
The linear regression for (A) was y = 6.42x -10.19, r2 = 0.28, p < 0.01 and (B) was not
significant.
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Fig. 2.3. Relationship between lipid content and N of lipid extracts in arctic marine
mammal muscle and liver. No significant relationship occurred.
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Fig. 2.4.    13CDIFF         13C values)
relative to BULK C:N among all species for liver (A) and (B) muscle. Significant
      13CDIFF = 0.75x – 2.12, r2 = 0.48, F1,132 = 123.9, p <
0.001)   13CDIFF = 0.89x – 3.08, r2 = 0.29, F1,191 = 76.7, p < 0.001).
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Fig. 2.5.    13C between lipid-extracted and non-lipid extracted
13
CDIFF ) arctic marine mammal liver (A, B, C, D) and muscle (E, F, G, H) by model 1
(A and E), model 2 (B and F), model 3 (C and G) and model 6 (D and H) in relation to
observed values. The solid line represents a 1:1 relationship. See Table 1 for species
codes. Legend in A corresponds to B,C and D, whereas legend in E corresponds to F, G
and H.
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Supplementary material
Table S2.1. Summary of t-statistic (df; P-value) from paired t-tests, between LE and
BULK 13

 15N, and C:N values in liver and muscle for each species.
13C

15N

C:N ratio

22.52
(17; <0.001)

6.14
(17; <0.001)

17.18
(17; <0.001)

Harbour seal

12.56
(10; <0.001)

5.74
(10; <0.001)

9.64
(10; <0.001)

Harp seal

13.96
(6; <0.001)

4.98
(6; 0.002)

13.05
(6; <0.001)

Ringed seal

26.03
(43; <0.001)

2.67
(43; 0.01)

31.80
(43; <0.001)

Walrus

16.59
(19; <0.001)

3.57
(19; 0.002)

15.43
(19; <0.001)

12.63
(28; <0.001)

2.96
(28; <0.01)

12.20
(28; <0.001)

8.98
(4; <0.001)

4.06
(4; <0.02)

11.89
(4; <0.001)

Bearded seal

4.09
(21; <0.001)

10.97
(21; 0.01)

1.27
(21; 0.22)

Harbour seal

0.27
(10; 0.79)

15.14
(10; <0.001)

1.04
(10; 0.32)

Harp seal

5.88
(6; 0.001)

1.94
(6; 0.10)

4.28
(6; 0.005)

Ringed seal

1.27
(57; 0.21)

4.44
(57; <0.001)

6.04
(57; <0.001)

4.24

13.02

6.18

Species
Liver
Pinnipeds
Bearded seal

Cetaceans
Beluga
Narwhal

Muscle
Pinnipeds

Walrus
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(18; <0.001)

(18; <0.001)

(18; <0.001)

4.98
(30; <0.001)

7.70
(30; <0.001)

5.23
(30; <0.001)

Bowhead

3.05
(6; 0.02)

5.77
(6; 0.001)

4.36
(6; 0.005)

Narwhal

1.01
(38; 0.32)

4.44
(38; <0.001)

3.90
(38; <0.001)

Narwhal

15.35
(38; <0.001)

1.68
(38; 0.108)

10.84
(38; <0.001)

Cetaceans
Beluga

Skin
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Table S2.2. Parameter estimates and coefficient of determination for Lesage et al. (2010)
and Ehrich et al. (2011) models fit to liver and muscle for each species and narwhal skin.

Model

Slope

Intercept

r2

Bearded seal

4
5

-0.09 ± 0.06
0.72 ± 0.13

-0.12 ± 1.20
-1.62 ± 0.65

0.15
0.65

Harbour seal

4
5

-0.10 ± 0.04
0.60 ± 0.57

-1.02 ± 0.73
1.51 ± 2.37

0.46
0.11

Harp seal

4
5

-0.23 ± 0.28
0.91 ± 0.47

-22.32 ± 5.52
-2.4 ± 2.10

0.79
0.43

Ringed seal

4
5

-0.14 ± 0.06
1.53 ± 0.18

-1.75 ± 1.26
-5.37 ± 0.76

0.10
0.62

Walrus

4
5

-0.23 ± 0.11
-0.03 ± 0.23

-3.50 ± 2.20
1.39 ± 1.14

0.21
<0.01

4
5

-0.47 ± 0.10
1.18 ± 0.13

-8.36 ± 2.02
-4.04 ± 0.56

0.44
0.74

4
5

-0.15 ± 0.10
1.16 ± 1.72

-2.27 ± 1.91
-4.00 ± 6.83

0.44
0.13

Bearded seal

4
5

-0.08 ± 0.02
0.28 ± 0.55

-1.60 ± 0.41
-1.07 ± 1.83

0.39
0.01

Harbour seal

4
5

-0.05 ± 0.04
0.33 ± 0.72

-0.98 ± 0.67
-1.13 ± 2.47

0.20
0.02

Harp seal

4
5

-0.45 ± 0.77
0.55 ± 0.27

-7.84 ± 5.00
-2.35 ± 0.97

0.35
0.45

Ringed seal

4
5

-0.27 ± 0.08
1.46 ± 0.34

-5.07 ± 1.51
-5.08 ± 1.17

0.16
0.25

Walrus

4
5

-0.08 ± 0.04
0.96 ± 0.45

-1.36 ± 0.84
-3.13 ± 1.56

0.17
0.21

Dataset
Liver
Pinnipeds

Cetaceans
Beluga
Narwhal
Muscle
Pinnipeds

Cetaceans
67

Beluga

4
5

-0.52 ± 0.11
1.57 ± 0.42

-9.51 ± 2.07
-5.30 ± 1.47

0.44
0.34

Bowhead

4
5

0.32 ± 0.06
0.59 ± 0.20

5.89 ± 1.28
-2.06 ± 0.84

0.83
0.64

Narwhal

4
5

-0.45 ± 0.12
1.38 ± 0.23

-2.91 ± 2.10
-4.72 ± 0.82

0.29
0.48

Narwhal

4
5

0.38 ± 0.11
0.62 ± 0.09

-10.32 ± 0.48
-1.72 ± 0.39

0.48
0.54

Skin
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Chapter 3: Spatial and temporal variation of an ice-adapted predator’s feeding
ecology in a changing Arctic marine ecosystem

Yurkowski, D.J., Ferguson, S.H., Semeniuk, C.A.D., Brown, T.M., Muir, D.C.G and
Fisk, A.T. Spatial and temporal variation of an ice-adapted predator’s feeding ecology in
a changing Arctic marine ecosystem. Oecologia, in press.
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Introduction
Quantifying feeding relationships between species in food webs is important to
the knowledge of biotic mechanisms that affect ecosystem structure (MacArthur 1955;
Paine 1966). Feeding relationships can be quantified by a number of approaches, from
consumer-resource connections (Elton 1927) to trophic levels where species are arranged
into separate energy groups (Lindemann 1942) which then evolved into trophic position
(TP) to account for omnivory (Hobson and Welch 1992). These trophic relationships can
be obscured by spatial and temporal variation where different populations of a species
and individuals within a population can vary in terms of their diet, ecological niche size
and trophic position (Vander Zanden and Rasmussen 1996; Vander Zanden et al. 2000;
Sweeting et al. 2005).
Trophic omnivory, feeding on multiple trophic levels (Novak 2013), is prevalent
in nature (Gellner and McCann 2012), where one of the significant causes of dietary
variation within an omnivorous species is an ecological niche shift in terms of diet and
habitat use during ontogeny (Werner and Gillam 1984). A species’ ecological niche is
generally defined as an n-dimensional hypervolume of environmental and ecological
variables (i.e. resources) in which a species can maintain a viable population (Hutchinson
1957). Ontogenetic niche shifts are common in animals where larger, older individuals
consume different prey types (Werner and Gillam 1984; Polis and Strong 1996), thus
affecting overall food web structure (Rudolf and Rasmussen 2013). However, little
attention has been given to whether a species’ ontogenetic niche shift remains constant
with space and/or over time. Such temporal and spatial variability is important to
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determine the ecological roles of species in a community, and it is essential to acquire
this baseline data to quantify any future changes, especially in rapidly warming climates.
The Arctic undergoes seasonal extremes with primary production only occurring
during a short time period of open water and full sunlight affecting resource abundance in
terms of prey availability (Weslawski et al. 1991). Marine mammals are well-adapted to
these seasonal extremes by intensely foraging in the summer and fall resulting in
significant storage of lipids (Ryg and Øritsland 1991). However, a warming climate is
causing considerable changes within the Arctic where (1) air temperatures are increasing
by 1.35°C per decade, (2) sea surface temperatures are increasing (Hinzman et al. 2013),
(3) September sea ice extent is declining at a rate of 13.7% per decade (NSIDC 2013),
and (4) snow cover is significantly declining (Iacozza and Ferguson 2014). The physical
factors affecting the arctic climate are in extreme states with no indication of a reversible
shift in the foreseeable future (Hinzman et al. 2013; Polyakov et al. 2013). These marine
environmental changes are dramatically altering habitat (Laidre et al. 2008) and causing a
higher prevalence of sub-arctic species (Higdon and Ferguson 2009; Provencher et al.
2012) and parasites/disease (Davidson et al. 2011) which altogether has negatively
impacted the abundance and distribution, decreased the growth and condition, and
changed behaviour of numerous arctic organisms ranging from phytoplankton to polar
bears (Wassmann et al. 2011).
Ringed seals (Pusa hispida) are circumpolar and are an indicator species of
ecological change (Laidre et al. 2008), as they are a pagophilic (“ice-loving”) key species
that provide a fundamental link between lower and upper trophic levels (McLaren 1958;
Smith 1987). The life history of ringed seals has been strongly shaped by sea ice
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dynamics (Smith and Hammill 1981) where stable land-fast ice is their preferred breeding
habitat over pack ice (Smith and Stirling 1975). Ringed seals are trophic omnivorous
consumers (Weslawski et al. 1994; Dehn et al. 2007; Labansen et al. 2007; Thiemann et
al. 2007) that have been reported to undergo an ontogenetic shift in diet from
invertebrates to fish (Bradstreet and Cross 1982; Holst et al. 2001; Young et al. 2010).
Ringed seals consume a wide variety of prey species from herbivorous and carnivorous
invertebrates, such as mysid, euphasiid, amphipod and decapod species to fish, such as
Arctic Cod (Boreogadus saida), Capelin (Mallotus villosus), Sand Lance (Ammodytes
sp.) and Sculpin (Cottidae; McLaren 1958; Gjertz and Lydersen 1986; Smith 1987;
Labansen et al. 2007). The impacts of climate change on sea ice dynamics and marine
organisms are of great concern to conservation (Post et al. 2009). Therefore, quantifying
any spatial and temporal variation in the ecological niche and foraging habits of ringed
seals is important to better understand the impacts of climate change on the Arctic
ecosystem.
Here, we used stable carbon (13C) and nitrogen (15N) isotopes to (1) quantify
dietary prey contributions, (2) determine isotopic niche size, and (3) determine the TP for
ringed seals across ontogeny, and assess the influence of space and then time (22-year
sampling period) using sea ice extent data. Stable isotope (SI) analysis provides a robust
integrative approach to elucidate spatial and temporal trophic variation in terms of a
species’ feeding ecology (Layman et al. 2012). We hypothesized that adult ringed seals
have a more variable diet, isotopic niche size, and TP than subadults due to their greater
physiological capability in utilizing more habitats. Alternatively, if these metrics were
less variable in adults, we expected this to be attributed to foraging experience by them
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consuming more energy-rich prey. In addition, we hypothesized that ringed seals from
the low-to high-Arctic will have similar diets, isotopic niche size and TPs as a result of
them utilizing similar resources. Alternatively, it is possible that ringed seals in the lowArctic have higher variability in diet, isotopic niche size, and occupy a lower TP due to
higher species richness and the incidence of sub-arctic species expanding northward with
climate change. We also hypothesized that ringed seals across the Arctic have increased
their isotopic niche size over time, thus exhibiting enough dietary plasticity as a species
to change between different prey resources in a rapidly changing ecosystem.

Materials and methods
Sample collection and preparation
Ringed seal liver and muscle samples were collected during the arctic summer
months (June to September; Carmack et al. 2004) by Inuit hunters as part of their
subsistence harvests from 1990 – 1996 and 1999 – 2011 from across the Canadian Arctic
ranging from the high-

  

- Resolute and Ulukhaktok), mid-

    

60° - Pangnirtung and Chesterfield Inlet) and low-Arctic (< 60° - Saglek Bay; Fig. 3.1;
Table 3.1). All tissue samples were stored at -20°C prior to analysis. To group individuals
into age classes, seal age was determined by counting the annual growth layer groups in
the cementum of decalcified, stained, longitudinal thin sections of the lower right canine
by Barbara Stewart (Fisheries and Oceans Canada) and Matson’s Laboratory LLC
(Montana, USA). Age estimates from ringed seals collected in Ulukhaktok were provided
by counting growth layer groups in the dentine layer of canine teeth. Stewart et al. (1996)
indicated that this method underestimates ages of older seals (>10 years of age), but this
will have no effect on our results as all seals have been grouped into separate age classes

73

based off age of sexual maturity: adults ( 6 years of age) and subadults (1–5 years of age;
McLaren 1958; Holst and Stirling 2002).
Based on previous stomach content analyses, potential prey items of ringed seals
included pelagic and benthic primary consumers and zooplanktivores, such as Mysis sp.,
shrimp (Lebbeus sp.), Themisto libellula, Arctic Cod, Capelin, Sand Lance and Sculpin
(Bradstreet and Cross 1982; Dehn et al. 2007; Chambellant et al. 2013). Prey items were
collected in 2009-2010 and 2012 via nets and trawls in the summer (June to September)
in Resolute and Saglek Bay. Stable isotope values for the majority of prey items used in
analyses have been previously reported in the literature (see Table 2 for references).
Arctic Cod collected from Saglek Bay were small in length (7 – 10cm) and likely
represented an age-class of 1 – 2 years (Matley et al. 2013).
Stable isotope analysis
For SI analysis, frozen tissue samples were freeze-dried for 48 h and then crushed
into a fine powder using a mortar and pestle. With the presence of lipids in arctic marine
mammal liver and muscle (Yurkowski et al. 2015), lipids were extracted using a 2:1
chloroform:methanol solvent using a modified version of the Bligh and Dyer (1959)
method (see McMeans et al. 2009 for details) and subsequently, 400-600 µg of tissue was
weighed into tin capsules. The 15N and 13C values were measured by a Thermo
Finnigan DeltaPlus mass-spectrometer (Thermo Finnigan, San Jose, CA, USA) coupled
with an elemental analyzer (Costech, Valencia, CA, USA) at the Chemical Tracers
Laboratory, Great Lakes Institute for Environmental Research, University of Windsor.
Stable isotope ratios are expressed in parts per thousand (‰  

 otation using

       (Rsample/Rstandard) – 1] x 1,000, where X is 13C or 15N and R
equals 13C/12C or 15N/14N. The standard material for 13C and 15N are Pee Dee Belemnite
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and atmospheric nitrogen, respectively. A triplicate was run for each 10th sample and a
measurement precision for 13C and 15N of liver and muscle was 0.1‰ and 0.1‰,
respectively. The analytical precision derived from the standard deviation of replicate
analyses of a NIST standard (NIST 8414, n=198) and an internal lab standard (tilapia
muscle, n=198) were both 0.1‰ and <0.1‰ for 15N and 13C, respectively.
Statistical analysis
To investigate temporal changes in ringed seal diet and due to the uneven
sampling by year among sites, we tested whether the ringed seal data could be grouped
into separate time frames via minimum sea ice extent data for September from 1979-2013
acquired from the National Snow and Ice Database Centre (Sea Ice Index; NSIDC 2013).
Segmented regression analysis was performed to determine any significant sea ice regime
shifts over this time period.
Four separate general linear models were used to test the effects of three
explanatory variables: (1) sampling location, (2) collection year and, (3) age-class along
with interactions (age class*year and age class*location) on
15N in liver and muscle. Prior to analysis,

13

13

C in liver and muscle, and

C and 15N values were normal based off

quantile-quantile plots. All four general linear models were assessed for normality and
heteroscedasticity of the residuals using normal quantile-quantile plots and residual-fitted
value plots, respectively. In addition, we assessed normality in

13

C and 15N using a

Chi-square quantile-quantile plot prior to multivariate analysis (SIAR and SIBER, see
below). To quantify the likely contribution of prey items to ringed seal diet, we used a
Bayesian mixing model approach (iterations = 200,000, a burn-in of 50,000, and thinned
by 15) in the package SIAR v4.2 (Parnell and Jackson 2013) in R v.3.0.3 (R
Development Core Team 2014). In Saglek Bay, Capelin and Snailfish (Liparis sp.) SI
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values were not significantly different so were combined (t6 = 0.2 and 0.3 for 13C and
15N; P

0.75). Diagnostic matrix plots were used to identify any correlations between

prey sources in the mixing models where an increase in the contribution to diet of a prey
item caused a decrease in contribution of the other prey item due to the requirement of a
sum to 1.0 total dietary contribution. For ringed seal diet-estimations, only muscle tissue
was used as it provides a more time-integrated approach to estimate diet due to its
relatively slower turnover rate in large mammals (178 days; Sponheimer et al. 2006).
Diet-tissue discrimination factors, which have been shown to vary by species and protein
quality/quantity of the diet (Caut et al. 2009; Florin et al. 2011), for ringed seals have not
been reported, so we used previously published values of 1.3‰ and 2.4‰ for 13C and

15N in harp seal muscle fed a high-protein diet (13C = -20.3‰; 15N = 13.0‰; Hobson
et al. 1996). Using Bayesian inference to estimate a probability of adults consuming more
of a resource relative to subadults, we calculated the proportion of posterior estimates that
were higher than the other age-class relative to the total number of posterior estimates
(10,000).
We determined the isotopic niche space of adult and subadult ringed seals at each
location using Stable Isotope Bayesian Ellipses in R (SIBER) in SIAR, which uses
multivariate ellipse-based approach to compare groups of differing sample sizes (Jackson
et al. 2011). The isotopic niche was plotted by the standard ellipse areas corrected for
small sample size (SEAC) where SEAC represents 40% of the data and allows a robust
comparison for varying samples sizes between groups. The SEAC was used to calculate
the fraction overlap of the subadult on adult isotopic niche at each location, thus
providing a semi-quantitative method to define ontogenetic differences in feeding
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ecology. We then estimated standard ellipse area using a Bayesian approach (1,000,000
iterations) for statistical comparisons between age-classes at each location by estimating
the mode and 95% Bayesian credible intervals (SEAB) for each isotopic niche size. We
used Bayesian inference to estimate the probability of isotopic niche size being more
restricted by calculating the proportion of posterior estimates that were smaller than the
other group relative to the total number posterior estimates (1,000,000).
Trophic position was calculated for each prey species and ringed seal age-class
using a one-source TP model (Eqn. 1; Post 2002a) to determine food web structure at
each location.
TP  = TP  +

    
 

(1)

The 15N of primary consumers, such as copepods (Calanus hyperboreus) were used as a
baseline (TP = 2) for ringed seal prey at each location, as copepods are good integrators
of spatial isotopic variability in phytoplankton (McMeans et al. 2013). A diet-tissue
discrimination factor (15N) of 3.4‰ (Post 2002a) was used for all prey species except in
ringed seals where 2.4‰ was applied as a 15N (Hobson et al. 1996) with Arctic Cod or
Capelin as a baseline (TP = 2.7 – 3.6 depending on location, see Results). Similarly,
under a scaled trophic level framework in the Canadian Arctic, Hussey et al. (2014)
estimated a 15N of 3.3 !" #$%&'%# !&&($)'*+ , -. ! /0 ,*1 , 15N of 2.1‰ for
species at a TP of 4 which coincides with our TP approach. To determine differences in
TP between age classes at each location, a Bonferonni corrected t-2%#2 3,# (#%1 45 6
0.01).
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Results
Two distinct time periods were identified where September sea ice extent for the
circumpolar Arctic had a non-significant rate of decline from 1979-1996 (slope = -0.036,
F1,17 = 2.59; P = 0.13; r2 = 0.14), but declined significantly thereafter (slope = -0.15, F1,17
= 36.65, P < 0.001, r2 = 0.71). Therefore, we amalgamated ringed seal individuals into
two groups in relation to collection year ( 1996 and  1999). Muscle 15N significantly
increased with collection year (F1,618 = 19.5, P < 0.001; Table S3.1 in Supplementary
material), thus only adult and subadult ringed seals collected from 1999 and thereafter
were included in SI mixing model, isotopic niche and TP analyses, which also
corresponded with prey sample collection years.   

15

N was most pronounced

in the high-Arctic location of Resolute with an increase of 1.2‰ and 0.7‰ for adults and

             

15

N occurred in all other locations (Table

3.1). Location had the strongest significant effect, followed by age-class, on 13C and

15N for both liver and muscle (Table S3.1). A significant interaction occurred between
sampling location and age class on 13C and 15N for adult and subadult liver and muscle
(Table S3.1).
SIAR dietary contributions
Mixing model analyses revealed that between all locations both age-classes
generally consumed resources from the pelagic environment with pelagic forage fish,
mainly Arctic Cod, being the most common prey item and zooplankton/shrimp being of
secondary importance for both adults and subadults (Table 3.2). Adults had a higher
probability of consuming more pelagic forage fish than subadults with the highest
occurring in Resolute (1.0) relative to the other locations (0.65 – 0.70). Subadults were
more probable to consume pelagic zooplankton in higher quantities than adults with
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probabilities generally decreasing with latitude (0.87 – Resolute; 0.95 – Holman; 0.79
Pangnirtung; 0.81 Chesterfield Inlet; 0.73 Saglek Bay). Adults and subadults from
Ulukhaktok generally fed epibenthically on shrimp in highest proportions followed by
Arctic Cod and Sculpin (Table 3.2). Isotopic values between Arctic Cod, Sculpin and
shrimp had coefficients of correlation ranging from -0.55 to -0.79 (for other locations see
Table S3.2 in Supplementary material). Despite high negative correlation between some
isotopically distinct prey sources at each location, Phillips et al. (2014) stated that valid
food sources should not be removed as it can significantly alter dietary contribution
estimates of the other prey sources.
SIBER niche metrics
The subadult isotopic niche moderately overlapped the isotopic niche of adults
within each location, but the degree of overlap varied spatially with overlap being lowest
in Ulukhaktok (33% and 19% for muscle and liver) and highest in Resolute (44% and
55% for muscle and liver; Fig. 3.2). Within both age-classes at each location, the SEAB
estimates were very similar between tissues, as the largest deviation occurred in
Chesterfield Inlet and Resolute (1‰2) for subadults, and Ulukhaktok (0.5‰2) for adults
(Fig. 3). The probability of isotopic niche size being smaller in adults relative to
subadults was much higher in the high-Arctic communities of Resolute (0.98 for liver)
and Ulukahtok (1.00 for both liver and muscle) compared to the lower latitudes (0.35 and
0.21 for liver and muscle in Pangnirtung; 0.21 and 0.76 for liver and muscle in
Chesterfield Inlet; 0.11 and 0.57 for liver and muscle in Saglek Bay; Fig. 3.3). The
probability of adult isotopic niche size being larger after 1999 relative to the 1990-1996
time period was high in Ulukhaktok (0.98 and 0.91 for liver and muscle) and in
Pangnirtung (0.85 and 0.98 for liver and muscle; Fig. 3.4). The probability of an increase
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in isotopic niche size over time was mixed for subadults in Pangnirtung based on tissue
type (0.12 and 0.90 for liver and muscle), whereas subadults in Resolute were 1.0 more
probable to decrease in isotopic niche size over time (Fig. 3.4).
Trophic position
Adult ringed seals had a significantly higher TP than subadults in Ulukhaktok (t13
= 3.72. P < 0.01), Pangnirtung (t64 = 4.04, P < 0.01) and Saglek Bay (t88 = 5.93, P <
0.01), except in Resolute (t39 = 2.37, P = 0.02) and Chesterfield Inlet (t10 = 0.98, P =
0.35; see Table 3.1 for TP estimates). The highest TPs for adults and subadults occurred
in the high-Arctic (Resolute and Ulukhaktok) and generally decreased with latitude
where the lowest TPs occurred in Saglek Bay. The highest 15N values and TP for Arctic
Cod also occurred in the high-Arctic (Table 3.2). The TP range between Arctic Cod and
both ringed seal age-classes varied spatially where the highest occurred in Resolute (1.1 –
adults; 1.0 – subadults) and lowest in Ulukhaktok (0.8 – adults; 0.4 – subadults) and
Pangnirtung (0.8 – adults; 0.5 – subadults).

Discussion
Ringed seals underwent an ontogenetic diet shift with adults consuming more
forage fish, generally had a more restricted isotopic niche size, and occupied a different
isotopic niche space than subadults. However, the degree of ontogenetic diet and niche
shift varied spatially. Our mixing model results revealed pelagic forage fish, mainly
Arctic Cod, as the principal prey for both age-classes, but with subadults consuming
more zooplankton than adults which is in agreement with previous research (Lowry et al.
1980; Bradstreet and Cross 1982; Weslawski et al. 1994; Holst et al. 2001; Dehn et al.
2007; Chambellant et al. 2013). In the Arctic, Arctic Cod comprise the highest energy
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content for a ringed seal prey item compared to zooplankton and crustaceans (24.2 kJ/g
dw-1 and 12.3 – 21.1 kJ/g dw-1, respectively; Weslawski et al. 1994) and other pelagic
fish, such as Capelin (21.2 kJ/g dw-1; Hedeholm et al. 2011) and Sand Lance (20.1 kJ/g
dw-1; Anthony et al. 2000). The higher dietary contributions of Arctic Cod suggests
optimal foraging by adults likely due to foraging experience, where individuals maximize
the acquisition of resources, albeit even a small subset, so that energy gained exceeds that
of energy expended (MacArthur and Pianka 1966). The physiological dive capabilities
are more limited in younger ringed seals (Teilmann et al. 1999) likely contributing to the
higher dietary proportions of zooplankton and a relatively larger isotopic niche size than
adults. Consequently, subadults have a more generalist feeding strategy than adults.
Despite the TPs of ringed seals estimated from 15N values varying spatially, TP
estimates of adults across the Arctic were generally higher than subadults.
Spatial variation
The difference in fish and pelagic zooplankton consumption between adults and
subadults decreased with latitude where at the highest latitude (Resolute) adults
consumed more forage fish, almost exclusively Arctic Cod, whereas subadults consumed
more pelagic zooplankton. In addition, adult isotopic niche size was more restricted than
subadults in the high-Arctic (Resolute and Ulukhaktok), but were similar in sizes in the
mid- (Pangnirtung and Chesterfield Inlet) and low- (Saglek Bay) Arctic despite similar
ranges and variation of pelagic and benthic baseline SI values across the Arctic. The
restricted isotopic niche size of adults suggests that adult ringed seals in the high-Arctic
target particular resources such as Arctic Cod, where up to 70,000 tonnes are consumed
annually by ringed seals – more than any other animal – in the high-Arctic (Welch et al.
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1992), in contrast to subadults and adults at lower latitudes where sub-Arctic fish species
have become prevalent.
Ringed seals in Ulukhaktok mainly fed on benthic fauna, such as shrimp, Sculpin
and deeper-water Arctic Cod, which undergo size-related segregation in habitat use
(Benoit et al. 2010). The most pronounced ontogenetic niche shift (i.e. lowest amount of
SEAC overlap) occurred in Ulukhaktok ringed seals potentially signifying different
ecological roles for adults and subadults in this area. Adults consumed 95% deeper water
prey and may be more specialized or reliant on resources in the benthic zone, whereas
subadults acted more as habitat couplers (Rooney et al. 2006) between the pelagic and
benthic energy pathways. Ringed seals have been reported to feed benthically in Alaska
(Lowry et al. 1980), the Amundsen Gulf near Ulukhaktok (Brown et al. 2014a) and
Svalbard (Weslawski et al. 1991) likely due to higher resource productivity in the benthic
zone. Whitehouse et al. (2014) used mass-balance food web modelling in the Bering and
Chukchi Seas, and determined that the productivity and biomass of the benthic zone in
the eastern Chukchi Sea, and likely Beaufort Sea near the Amundsen Gulf was much
higher relative to the pelagic zone.
In the mid- and low-Arctic, adults consumed slightly more pelagic forage fish
than subadults, underwent a moderate ontogenetic niche shift, and had a similar isotopic
niche size to subadults. In Pangnirtung, both age-classes mainly consumed Arctic Cod
and principally foraged in pelagic habitats, similar to that reported by Brown et al.
(2014b) using highly branched isoprenoid fatty acid analysis and McMeans et al. (2013)
using SI analysis. In Chesterfield Inlet, Sand Lance was the most important prey item for
both age-classes followed by Arctic Cod and Capelin, similar to reported stomach content

82

analyses (Chambellant et al. 2013). However, prey species contributions were similar in
proportions for subadults, suggesting a more generalist feeding strategy relative to adults.
In southeastern Hudson Bay, adult and subadult ringed seals had a different isotopic
niche size (1.6‰2 and 1.0‰2, respectively), high niche overlap (58%) and primarily
consumed pelagic forage fish with amphipods of secondary importance (Young and
Ferguson 2013) comparable to our results from Chesterfield Inlet. In the low-Arctic, the
15N values for adult and subadult ringed seals and Arctic Cod (Saglek Bay) were the

lowest of all sampling locations despite similar 15N values for zooplankton suggesting
less complexity in the lower trophic levels. Saglek Bay adult and subadult ringed seals
consumed higher proportions of zooplankton compared to all other locations, thus both
age-classes may forage more opportunistically and exhibit a higher degree of trophic
omnivory causing a lower TP (3.7 and 3.3). Although, the low 15N values for Arctic Cod
in Saglek Bay may be a result of an ontogenetic niche shift in this species where smaller
age-classes have been reported to consume lower trophic level prey causing a lower TP
(Matley et al. 2013).
Trophic position (TP) estimates from 15N values for the ringed seal varied
widely (3.3 – 4.7) across the Canadian Arctic, with a general trend of higher TPs at the
most northern locations. The TPs of forage fish (e.g. Arctic Cod and Capelin) from
Pangnirtung, Chesterfield Inlet and Saglek Bay were near 3.0, but were highest in the
high-Arctic (3.6 in Ulukhaktok and Resolute). Thus, the change in TP of ringed seals was
likely driven by the trophic complexity of its common prey items in the lower part of the
food web than its feeding ecology. Both adults and subadults at the highest latitude
(Resolute) occupied the highest TPs and a TP of 1.1 and 1.0 higher than Arctic Cod
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suggesting a reliance on this trophic guild (Vander Zanden and Rasmussen 1996) and a
lower degree of trophic omnivory. A similar result occurred in Hobson et al. (2002)
where ringed seals inhabiting the nearby North Water Polynya were estimated at TP 4.6
and predominately consumed Arctic Cod. In contrast, both adults and subadults in the
low-Arctic (Saglek Bay) had the highest degree of trophic omnivory and occupied the
lowest TPs of any location, which may be an artefact of relatively lower complexity in
the zooplankton community (Post 2002b). The degree of complexity in zooplankton
community structure of the high-Arctic may be higher due to increased cannibalism and
reciprocal predation causing increased omnivory (Sprules and Bowerman 1988). These
factors in the zooplankton community have been shown to increase the trophic position
of top predators and food chain length in freshwater communities (Hairston and Hairston
1993; Vander Zanden et al. 1999; Post et al. 2000).
The largest differences in TP between age-classes occurred in Ulukhaktok,
Pangnirtung and Saglek Bay with subadults at the same trophic position of sculpin and
adults nearly half a trophic level higher, suggesting an ontogenetic effect on ringed seal
diet and use of habitat in these areas. For example, adults primarily utilized the benthic
environment in Ulukhaktok and adults mainly consumed pelagic forage fish in
Pangnirtung and Saglek Bay. As a result, functional differences between ringed seal ageclasses may exist in these areas and changes in their respective population structure can
then lead to congruent changes in community interactions and structure, which requires
further investigation.
Our results from the high-Arctic, similar to Hobson et al. (2002) determined a
longer food chain with ringed seals near trophic level 5. Assuming top predators are more
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vulnerable to ecosystem change than lower trophic level species, our results suggest that
high-Arctic ringed seals may be at greater risk than lower-Arctic populations to current
and impending ecosystem perturbations, particularly in terms of the effects of climate
change, invasive species and overexploitation of resources (i.e. overfishing). With the
high-Arctic having a longer food chain, the predator-prey mass ratios and energy transfer
efficiencies to the apex of the trophic pyramid (Trebilco et al. 2013) likely differ between
the high- and low-Arctic. The size-based energy flow at higher trophic levels in a trophic
pyramid will be more constrained and more sensitive to biomass changes at lower trophic
levels caused by ecosystem perturbations in the high-Arctic. This phenomenon likely
poses implications to overall Arctic ecosystem conservation and management.
Temporal variation
There was no significant change in 13C values for ringed seals between 1990 and
2011 for much of the Arctic, despite a rapid rate of sea ice decline. A significant increase
in 15    

  

       and was

most pronounced in Resolute suggesting that both age-classes may currently be feeding at
          

     

       15N.

However, Hobson and Welch (1992) reported similar 15N (17.3‰), but different 13C (17.3‰) values for ringed seals collected in Lancaster Sound from 1988 – 1990.
Moreover, t  15N values for Arctic Cod were relatively higher in 1988 – 1990 (15.2‰;
Hobson and Welch 1992) than our Arctic Cod samples collected in 2012 (14.6 ‰). As a
result, the significant changes in high-Arctic ringed seal and Arctic Cod stable isotope
values over time is most likely a result of inter-annual variation in sea ice dynamics
influencing resource availability for near-top predators (Roth 2002), but may also be
related to shifts in diet or analytical variability in stable isotope values between studies.
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Chambellant et al. (2013) reported that the proportion of Sand Lance in Hudson Bay
ringed seal diet was lowest in 1992 when September sea ice extent (7.5Mkm2) was
highest relative to all other years (3.6 – 7.5Mkm2). Using stomach content analysis,
Quakenbush et al. (2010) reported a significant increase in fish consumption from 1960
to 2009 for ringed seals in the Bering and Chukchi Seas. In our study, the isotopic niche
size of subadult ringed seals from Resolute decreased over time. With Arctic Cod now
being prevalent in ringed seal diet in the high-Arctic, this altogether suggests that ringed
seals may principally feed on more forage fish in years with relatively lower sea ice
extents.
The isotopic niche size of adults from Ulukhaktok and Pangnirtung has increased
over time and is most likely attributed to a recent increase in sub-Arctic forage fish
abundance across the Arctic with increased prevalence of Capelin and Sand Lance in: (1)
Ulukhaktok within the Amundsen Gulf, (2) Pangnirtung within Cumberland Sound, and
(3) Hudson Bay over the last two decades (Gaston et al. 2003; Marcoux et al. 2012;
Harwood et al. in press). However, the change of adult isotopic niche size over time
could also be attributed to potential changes in baseline 13

 15N values. Capelin are

a sub-Arctic species that can spawn in a wide range of sea temperatures and have been
deemed as a “canary” for marine ecosystem changes at higher latitudes (Rose 2005). In
the Amundsen Gulf, Arctic Cod abundance has been decreasing over time resulting in
Arctic Charr (Salvelinus alpinus) shifting their diet to Capelin and Sand Lance, beluga
whales to shift their diet to other forage fish, and black guillemots (Cepphus grylle) to
consume more Sculpin (Harwood et al. in press). The recent high abundance of Capelin
near Pangnirtung has caused a dietary shift from Greenland Halibut (Reinhardtius
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hippoglossoides) and Arctic Cod to Capelin in beluga (Marcoux et al. 2012), and from
zooplankton to Capelin in Arctic Charr (Ulrich 2013) over the last decade. In addition,
Chambellant et al. (2013) found the importance of Arctic Cod to ringed seal diet declined
after 2000 in western Hudson Bay, while the occurrence of Capelin and Sand Lance
became more prevalent thereafter. Similarly, several sea bird populations in Hudson Bay
have switched from an Arctic Cod dominated diet to Capelin since the late 1990’s
(Gaston et al. 2003; Provencher et al. 2012). Overall, ringed seals, as a species, employ
dietary plasticity to changing resource availability and environmental conditions.
Summary
Ringed seals underwent an ontogenetic niche shift with adults generally having a
smaller isotopic niche size than subadults by consuming more forage fish, likely due to
foraging experience. Our findings varied spatially where the likelihood of fish
consumption in adults and probability of zooplankton consumption in subadults both
decreased with latitude. As well, isotopic niche size for adults was smaller than subadults
in the high-Arctic, but was similar for both age-classes in the mid- and low-Arctic. A
general trend of lower ringed seal TPs occurred at lower latitudes likely due to reduced
trophic complexity in the zooplankton community. With inter-annual variation in ringed
seal diet and an increase in adult isotopic niche size over time, ringed seals exhibit dietary
plasticity suggesting adaptability in terms of their diet to climate change. However longterm monitoring of ringed biological parameters, such as body condition indices which
has declined over time in some areas of the Arctic (Harwood et al. in press) is required
thus acquiring more insight into Arctic ecosystem dynamics in our rapidly changing
climate.
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Table 3.1. Summary of ringed seal mean 13C and 15N values ± SD by tissue, collection location and year, and age-class used for
stable isotope analysis.
Adult

Subadult

n

13C (‰)

15N (‰)

TP

n

13C (‰)

15N (‰)

TP

1990 - 1996

6

-18.3 ± 1.1

16.3 ± 0.6

-

22

-18.7 ± 1.2

15.7 ± 1.1

-

1999 - 2011

38

-18.3 ± 0.4

17.9 ± 0.8

-

24

-18.3 ± 0.8

17.3 ± 0.7

-

1990 - 1996

18

-20.9 ± 0.2

17.8 ± 0.3

-

1

-20.9

17.3

-

1999 - 2011

120

-20.8 ± 0.5

17.6 ± 0.7

-

12

-20.7 ± 0.9

16.6 ± 0.9

-

1990 - 1996

15

-18.9 ± 0.4

16.6 ± 0.8

-

41

-18.6 ± 0.5

15.5 ± 1.1

-

1999 - 2011

26

-18.8 ± 0.6

15.7 ± 0.9

-

72

-18.6 ± 0.6

15.1 ± 0.7

-

43

-18.9 ± 0.7

16.8 ± 1.3

-

27

-18.9 ± 0.8

17.0 ± 1.1

-

59

-18.0 ± 0.5

14.3 ± 0.9

-

34

-18.3 ± 0.5

13.9 ± 0.3

-

Year
Liver
Resolute

Ulukhaktok

Pangnirtung

Chesterfield Inlet
1999 - 2011
Saglek Bay
1999 - 2011
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Muscle
Resolute
1990 - 1996

5

-18.7 ± 1.0

16.1 ± 0.8

-

23

-18.4 ± 1.2

16.2 ± 1.3

-

1999 - 2011

85

-18.4 ± 0.5

17.3 ± 0.7

4.7 ± 0.3

43

-18.6 ± 0.3

16.9 ± 0.7

4.6 ± 0.3

1990 - 1996

29

-20.6 ± 0.1

16.5 ± 0.5

-

4

-20.7 ± 0.1

15.7 ± 1.3

-

1999 - 2011

126

-20.6 ± 0.4

16.7 ± 0.5

4.5 ± 0.2

12

-20.8 ± 0.6

15.7 ± 1.0

4.0 ± 0.4

1990 - 1996

17

-18.8 ± 0.4

15.8 ± 0.6

-

41

-18.7 ± 0.4

14.8 ± 0.9

-

1999 - 2011

38

-18.9 ± 0.7

15.7 ± 0.8

3.9 ± 0.4

76

-19.0 ± 0.6

14.9 ± 0.8

3.6 ± 0.3

28

-18.9 ± 0.7

16.5 ± 1.1

4.0 ± 0.5

13

-19.0 ± 0.8

17.3 ± 1.3

4.2 ± 0.5

59

-18.0 ± 0.4

14.5 ± 0.9

3.7 ± 0.4

31

-18.5 ± 0.5

13.6 ± 0.5

3.3 ± 0.2

Ulukhaktok

Pangnirtung

Chesterfield Inlet
1999 - 2011
Saglek Bay
1999 - 2011
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Table 3.2. Mean ± SD of 13   15N (‰) values for potential ringed seal prey items at each sampling location after 1996.
Adult and subadult ringed seal mean contribution (95% Bayesian credible intervals) represents estimated contribution of prey items to
diet via mixing model analysis. TP: trophic position; Ref: reference
Adult

Subadult

n

13C ± SD

15N ± SD

contribution (%)

contribution (%)

TP

Ref

Onisimus sp.

11

-17.0 ± 0.7

8.7 ± 0.3

0 (0 – 1)

0 (0 – 1)

1.9

1

Themisto

3

-21.4 ± 0.1

9.6 ± 0.1

1 (0 – 2)

3 (0 – 8)

2.1

1

Gammarus sp.

7

-21.4 ± 0.3

12.0 ± 0.5

5 (0 – 13)

30 (16 – 42)

2.8

1

Arctic Cod

176

-19.3 ± 0.8

14.6 ± 0.7

87 (74 – 98)

44 (17 – 72)

3.6

Sculpin

21

-18.4 ± 0.8

14.9 ± 0.6

6 (0 – 15)

22 (5 – 40)

3.7

Themisto

28

-26.1 ± 1.1

10.2 ± 1.1

1 (0 – 2)

5 (0 – 12)

2.2

2

Mysis sp.

15

-23.0 ± 1.5

10.9 ± 1.5

4 (1 – 7)

22 (4 – 39)

2.4

2

Shrimp

3

-21.5 ± 1.2

13.5 ± 0.3

42 (35 – 47)

34 (12 – 58)

3.2

2

Arctic Cod

39

-22.0 ± 1.2

14.7 ± 1.2

33 (25 – 41)

27 (3 – 49)

3.6

2

Sculpin

2

-23.0 ± 1.0

16.1 ± 1.3

20 (15 – 25)

11 (0 – 25)

4.0

2

Species
Resolute

Ulukhaktok

Pangnirtung
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Mysis sp.

5

-20.8 ± 0.1

9.0 ± 0.1

6 (2 – 11)

21 (11 – 31)

1.7

3

Gammarus sp.

7

-18.6 ± 0.3

9.5 ± 0.7

3 (0 – 8)

5 (0 – 12)

1.9

3

Arctic Cod

8

-20.5 ± 0.3

13.5 ± 0.5

71 (54 – 86)

54 (37 – 70)

3.1

4

Capelin

7

-19.4 ± 0.2

13.5 ± 0.3

11 (0 – 28)

12 (0 – 28)

3.1

3

Shrimp

7

-18.2 ± 0.7

13.9 ± 0.4

4 (0 – 13)

5 (0 – 13)

3.2

4

Sculpin

23

-17.3 ± 0.8

15.4 ± 1.1

4 (0 – 10)

4 (0 – 9)

3.6

4

Themisto

90

-20.8 ± 0.4

11.4± 1.3

3 (0 – 9)

13 (0 – 29)

2.2

5

Sand Lance

35

-20.7 ± 1.3

12.8 ± 1.5

43 (27 – 58)

21 (1 – 38)

2.6

5

Capelin

34

-19.3 ± 0.7

13.8 ± 0.8

11 (0 – 29)

17 (0 – 33)

2.9

5

Shrimp

19

-18.4 ± 2.2

13.5 ± 2.1

4 (0 – 12)

14 (0 – 31)

2.9

5

Sculpin

24

-18.8 ± 1.2

14.3 ± 1.3

9 (0 – 25)

16 (0 – 33)

3.1

5

Arctic Cod

27

-19.2 ± 0.8

14.7 ± 1.3

28 (4 – 50)

19 (0 – 36)

3.2

5

Mysis sp.

24

-19.0 ± 0.5

8.5 ± 0.5

5 (0 – 13)

10 (0 – 14)

1.6

Themisto

26

-19.7 ± 0.5

9.7 ± 0.9

19 (5 – 31)

28 (6 – 47)

2.1

Arctic Cod

5

-19.8 ± 1.2

12.3 ± 0.8

29 (16 – 42)

33 (12 – 53)

2.7

Capelin/Snailfish

8

-19.1 ± 0.4

13.1 ± 0.8

39 (21 – 56)

19 (0 – 37)

3.0

Chesterfield Inlet

Saglek Bay
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Shrimp

8

-17.0 ± 0.9

13.1 ± 1.0

3 (0 – 7)

5 (0 – 12)

3.0

Sculpin

8

-17.5 ± 0.6

14.4 ± 0.6

5 (0 – 12)

5 (0 – 14)

3.4

References are: (1) Matley 2012, (2) Loseto et al. 2008, (3) McMeans et al. 2013, (4) Marcoux et al. 2012, and (5) Chambellant et al.
2013.   15N values for Calanus (baseline in TP estimations) were: 9.2‰ in Resolute (Hobson and Welch 1992), 9.4‰ in
Ulukhaktok, 9.9‰ in Pangnirtung, 10.6‰ in Chesterfield Inlet, and 9.8‰ in Saglek Bay.
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Fig. 3.1. Map of the Canadian Arctic highlighting the high-      Resolute and Ulukhaktok, mid-Arctic (<       – Pangnirtung and
Chesterfield Inlet) and low-Arctic (< 60° - Saglek Bay) communities where ringed seal
samples and prey items were collected for stable isotope analysis.
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Supplementary material
Table S3.1. Results from general linear models (F, df and P-value) to determine the
effects of age class, year collected, location, age class*year, and age class*location on
13  15N of ringed seal liver and muscle. Bold P-values indicate a significant
relationship.
13C

Predictor variable

15N

F

df

P-value

F

df

P-value

225.6

1, 546

<0.001

216.3

1, 546

<0.001

2.7

1, 546

0.10

0.9

1, 546

0.33

359.6

4, 546

<0.01

219.6

4, 546

<0.001

Age class*Year

0.1

4, 546

0.95

2.4

4, 546

0.12

Age class*Location

2.7

1, 546

0.03

6.9

1, 546

<0.001

152.5a

11, 546

<0.001

102.3b

11, 546

<0.001

159.0

1, 618

<0.001

164.8

1, 618

<0.001

2.7

1, 618

0.10

19.5

1, 618

<0.001

402.3

4, 618

<0.001

233.1

4, 618

<0.001

Age class*Year

0.4

4, 618

0.52

2.4

4, 618

0.12

Age class*Location

5.9

1, 618

<0.001

8.1

1, 618

<0.001

163.2c

11, 618

<0.001

104.7d

11, 618

<0.001

Liver
Age class
Year
Location

Overall
Muscle
Age class
Year
Location

Overall

r2 = 0.75a, 0.67b, 0.74c, and 0.64d
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Table S3.2. Summary of negative and positive pair-wise coefficients of correlation 0.50, and  0.50 between prey items for adult and subadult mixing model analysis at each
location.
coefficient of

coefficient of

correlation
(Adult)

correlation
(Subadult)

Gammarus sp. to Arctic Cod

-0.84

-0.80

Gammarus sp. to Sculpin

0.51

0.57

Arctic Cod to Sculpin

-0.88

-0.92

Arctic Cod to Sculpin

-0.79

-0.55

Shrimp to Arctic Cod

-0.64

-0.58

Mysis sp. to Shrimp

-0.58

-0.53

-

-0.57

-0.77

-0.73

-

-0.70

-0.67

-

Mysis sp. to Themisto

-0.80

-0.87

Capelin to Arctic Cod

-0.70

-0.71

Capelin to Sculpin

-0.69

-

Prey items
Resolute

Ulukhaktok

Mysis sp. to Themisto
Pangnirtung
Capelin to Arctic Cod
Mysis sp. to Gammarus sp.
Chesterfield Inlet
Euphasiid sp. to Sand Lance
Saglek Bay
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Chapter 4: Latitudinal variation in ecological opportunity and intra-specific
competition indicates differences in niche variability and diet specialization of arctic
marine predators

Yurkowski, D.J., Ferguson, S.H., Choy, E.S., Loseto, L.L., Brown, T.M., Muir, D.C.G.,
Semeniuk, C.A.D. and Fisk, A.T. Latitudinal variation in ecological opportunity and
intra-specific competition indicates differences in niche variability and diet specialization
of arctic marine predators. Ecology and Evolution. In press.
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Introduction
Food web models are typically studied at the species-level where trait variation
among individuals is often not incorporated (Miller and Rudolf 2011). However, it is also
widely accepted in the ecological literature that substantial dietary variation exists among
individuals of a given species or population (Rudolf and Lafferty 2011). Species that
consume a wide range of resources are considered generalists, a relative term that
compares species, but may actually be composed of individual dietary specialists with
each consuming a small subset of resources that differs across individuals (Bolnick et al.
2003). As such, these individual specialists may have different ecological roles in terms
of their habitat use and feeding relationships within an ecosystem. Thus, individual
specialists may be more susceptible to ecosystem perturbations such as changing prey
diversity and abundance, than generalist ones (Miller and Rudolf 2011).
Based on the niche variation hypothesis (Van Valen 1965), Bolnick et al. (2002)
introduced the concept of individual specialization (IS) which occurs when individuals
irrespective of age, sex and body size have a significantly narrower niche by using a
small subset of resources than that of the population’s total niche width (TNW).
Individual specialization in resource use is prevalent among animal taxa (Araújo et al.
2011) and has several important implications for understanding the complexity of food
webs by contributing another mechanism to ecosystem trophodynamics (Quevedo, et al.
2009). The causes of IS include inter- and intra-specific competition for resources,
ecological opportunity (i.e. prey diversity) and predation where all factors are, at some
level, influenced by prey species richness and abundance (Araújo et al. 2011). For
example, based on optimal foraging theory, a decrease in the abundance of preferred prey
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can increase intraspecific competition causing the population to broaden their diet and
increase their ecological niche size potentially leading to a higher degree of IS among
individuals (Kernaléguen et al. 2015). Similarly, increased prey diversity can increase the
ecological niche size for consumers, possibly leading to a higher degree of IS among
individuals (Darimont et al. 2009).
Individual specialization has mainly been documented in animal species
inhabiting tropical and temperate ecosystems (Araújo et al. 2011) with only a handful of
studies investigating it in the Arctic (Woo et al. 2008; Dalerum et al. 2012; Thiemann et
al. 2011; Tarroux et al. 2012; Provencher et al. 2013) - an ecosystem with lower levels of
species richness than temperate and tropical systems (MacArthur 1955). The low-Arctic
marine environment has more biodiversity than the high-Arctic (Bluhm et al. 2011) with
at least double the amount of species richness from 60º to 75ºN (Cheung et al. 2009) and
in Hudson Bay relative to the rest of the Canadian Arctic (Archambault et al. 2010). This
allows higher trophic-level arctic species to have more opportunity to broaden their diet
and expand their ecological niche at the lower latitudes. As a result of climate change,
many sub-arctic forage fish species in the Arctic, such as Capelin (Mallotus villosus),
Sand Lance (Ammodytes sp.) and Walleye Pollock (Theragra chalcogramma; Wassmann
et al. 2011; Provencher et al. 2012), as well as pelagic plankton are now prevalent which
may further increase differences in IS and ecological niche sizes between low- and highArctic predator populations. This northward expansion of subarctic species is predicted
to continue, as up to 44 subarctic fish species are predicted to occupy the Northwest and
Northeast Passages via the Atlantic and Pacific Oceans by 2100 (Wisz et al. 2015).
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Ringed seals (Pusa hispida) and beluga whales (Delphinapterus leucas; Fig. 4.1)
are near-top trophic-level predators (Hobson and Welch 1992) that inhabit a wide
diversity of habitats in the Arctic, from shallow coastal zones and estuaries to deep ocean
basins (Laidre et al. 2008). Ringed seals and beluga have a circumpolar distribution and
are thought to be the most abundant pinniped and cetacean species in the Arctic, albeit
with abundances varying spatially and an unknown total species abundance (Laidre et al.
2015). Ringed seals consume a wide-variety of prey, from zooplankton to fish (Thiemann
et al. 2007; Chambellant et al. 2013), which varies with age, space (Yurkowski et al. in
press) and season (Young and Ferguson 2013). Beluga whales mainly consume pelagic
forage fish, such as Arctic cod (Boreogadus saida; Loseto et al. 2009), but have been
documented to consume squid (Quakenbush et al. in press) and benthic fishes and
crustaceans (Marcoux et al. 2012). Given the high abundance, wide distribution and
diverse diets of ringed seals and beluga, both species are excellent models to investigate
ecological niche width and degree of IS relative to ecological opportunity and intraspecific competition in arctic species and how this varies with latitude.
In this study, we used a unique dataset consisting of stable carbon (13C) and
nitrogen (15N) isotope ratios of ringed seal liver and muscle and beluga whale skin and
muscle to quantify individual and population-level niche variation in terms of WIC, BIC,
TNW and the degree of IS relative to latitude, longitude and ringed seal density across
the Arctic. Stable isotope analysis provides data on what an animal consumes and the
habitat within which it resides, and is commonly used to determine an animal’s isotopic
niche (Bearhop et al. 2004). In addition, tissues of a consumer incorporate the isotopic
composition of their prey at different rates depending on tissue-specific metabolic
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turnover rates, thus stable isotope analysis of different body tissues provides timeintegrated dietary information (Thomas and Crowther 2015) and has become a robust tool
when investigating intra- and inter-individual niche variation (Layman et al. 2012). The
metabolic rate of larger body sized mammalian skin and liver is higher than muscle,
resulting in shorter stable isotope residual times in skin and liver than muscle (Vander
Zanden et al. 2015). Thus, both liver and skin can be used as short-term indicators of diet,
whereas muscle is a longer-term indicator, providing the necessary temporal scope to
examine individual specialization using multiple tissues (Araújo et al. 2007). The total
variance of 13C and 15N between individuals in a population represents BIC, and the
variance of 13C and 15N values between tissues within an individual illustrates dietary
variation or consistency for that particular individual over time (i.e. WIC; Newsome et al.
2009). The sum of both components represents the total isotopic niche width (TINW;
Newsome et al. 2009). We hypothesized that due to higher ecological opportunity in the
low-Arctic relative to the high-Arctic, the total niche width and degree of IS of ringed
seals and beluga whales will be higher at lower latitudes, aligning with optimal foraging
theory (MacArthur and Pianka, 1966). In addition, we hypothesized that in locations with
the highest density estimates for both species, total niche width and the degree of IS will
be highest due to intra-specific competition.

Materials and methods
Sample collection and preparation
Paired ringed seal liver and muscle and beluga whale skin and muscle were
collected opportunistically by Inuit hunters across the Canadian Arctic as part of their
summer (June to September) subsistence harvests from 1986 – 2012 (Fig. 4.2). These
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opportunistic collections are in context of the community-based monitoring program
coordinated by the Department of Fisheries and Oceans Canada in Winnipeg, Manitoba,
Canada and Environment Canada in Burlington, Ontario, Canada. A total of 379 ringed
seals with paired liver and muscle samples (see Table 4.1 for sample sizes by location
that were analyzed for 13C and 15N). The spatial scope of the study locations across the
Arctic for both species represent distinct foraging groups, as the distribution of beluga
populations generally remain nearby sampling locations throughout the summer period at
all locations (see Hauser et al. (2014) for Beaufort Sea beluga; Koski and Davis (1980)
for Resolute beluga; DFO (2013) for Cumberland Sound beluga; and Richard (2005) for
Western Hudson Bay beluga). Similarly, ringed seal distribution and movements during
the summer are generally nearby and within sampling locations (see Luque et al. (2014)
for Hudson Bay ringed seals; Brown et al. (2014) for Saglek Bay ringed seals; Harwood
et al. (2015) for Ulukhaktok ringed seals; Yurkowski et al. unpublished data for other
locations).
Individual ringed seals were grouped into two age classes based on age of sexual
maturity: (1) adults

6 years of age, and (2) subadults 1–5 years of age (McLaren 1958)

via counting annual growth layer groups (GLG) in the cementum of decalcified, stained,
longitudinal thin sections of the lower right canine for individuals collected in
Pangnirtung, Resolute, Saglek Bay and Chesterfield Inlet. Ringed seals collected in
Ulukhaktok were aged by counting GLG in the dentine layer of canine teeth from the
lower right canine, which can underestimate ages of seals over 10 years of age (Stewart et
al. 1996), but will have no effect on our results due to the age-class groupings. The ages
of beluga were estimated by counting GLGs in the dentine of teeth extracted from the
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mandible and individuals were divided into two age groups based off age of sexual
maturity (Subadults

11 years of age and adults > 11 years of age), similar to that of

Marcoux et al. (2012). Standard lengths (cm) were measured as the straight-line distance
from the tip of the nose to the end of the tail in ringed seals and from the tip of the head
to the tail fork in beluga (American Society of Mammalogists 1961).
We include the ranges of mean 13C and 15N values of potential prey items for
beluga (Loseto et al. 2009) and ringed seals (Yurkowski et al. in press) from the benthic
and pelagic environments including zooplankton, shrimp and fish to account for spatial
variation in the absolute stable isotope values and ranges among prey sources (Table 4.2),
which when unaccounted for, can confound interpretations of WIC (Matthews and
Mazumber 2004). The stable isotope values from potential prey items included, Calanus
sp., Themisto libellula, euphausiids, benthic shrimp, Arctic Cod, Capelin, Sand lance and
Sculpin (see Table 4.2 for 13C and 15N ranges of prey sources). Prey items were
collected during the arctic summer months (June to September) via nets and trawls at
each location from 2003 – 2012.
Stable isotope analysis
Frozen tissue samples were freeze-dried for 48 h and then crushed into a fine
powder using a mortar and pestle. Due to the effects of lipids on 13C values in arctic
marine mammal tissues (Yurkowski et al. 2015), lipids were extracted using a 2:1
chloroform:methanol similar to the Bligh and Dyer (1959) method and subsequently,
400-600 µg of tissue was weighed into tin capsules for analysis. Prey samples (Table 4.2)
have also been lipid extracted to reduce inter-individual and species differences in lipid
content to provide comparable 13C values between species and standardize the range of

13C values between prey items among locations. The 15N and 13C values from ringed
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seal and beluga tissues were measured by a Thermo Finnigan DeltaPlus mass-spectrometer
(Thermo Finnigan, San Jose, CA, USA) coupled with an elemental analyzer (Costech,
Valencia, CA, USA) at the Chemical Tracers Laboratory, Great Lakes Institute for
Environmental Research, University of Windsor. A triplicate was run for every 10th
sample and a measurement precision for 13C and 15N was 0.1‰ and 0.1‰,
respectively. The analytical precision derived from the standard deviation of replicate
analyses of a NIST standard (NIST 8414, n = 194) and an internal lab standard (tilapia
muscle, n = 194) were both 0.1‰ and <0.1‰ for 15N and 13C, respectively. Beluga
muscle samples from Arviat (n = 43) were lipid extracted, weighed at 1 mg into tin
capsules and then analyzed for 13C and 15N at the University of Winnipeg on a GVInstruments IsoPrime mass spectrometer (Wythenshave, Manchester, UK) attached to an
elemental analyzer (EuroVector, Milan, Italy) where a duplicate was run for every 10th
sample for a measurement precision of 0.2‰ for both 13C and 15N. Beluga skin and
muscle samples from Hendrickson Island and Paulatuk (i.e. near the Beaufort Sea) were
lipid-extracted, 1 mg of tissue weighed into tin capsules and then 13C and 15N were
analyzed at the University of Waterloo on a Thermo Finnigan DeltaPlus XL mass
spectrometer (Thermo Finnigan, Bremen, Germany) equipped with a Carlo Erba
elemental analyzer (CHNS-O EA1108, Italy) where a duplicate was run every 10th
sample for a measurement precision of 0.1‰ for both 13C and 15N. Analytical precision
of international reference material (IAEA-N1 + N2, IAEA-CH3+ CH6) was <0.2‰ for
13

  

15

N. Stable isotope ratios are expressed in parts per thousand (‰)

        

      (Rsample/Rstandard) – 1] x 1,000,
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where X is 13C or 15N and R equals 13C/12C or 15N/14N. The standard material for 13C and
15

N are Pee Dee Belemnite and atmospheric nitrogen, respectively.

Data analysis
To eliminate the influence of tissue-specific differences in stable isotope values
relative to diet and allow direct comparisons between liver and muscle, we corrected 13C
and 15N values in ringed seal liver and muscle using known diet-tissue discrimination
factors (DTDF) in phocids (1.3‰ and 0.6‰ for 13C in liver and muscle, respectively,
and 3.1‰ and 2.4‰ for 15N in liver and muscle, respectively; Hobson et al. 1996). The
DTDF’s used for beluga were reported values in other cetacean species where 1.3‰ was
used for 13C and 1.2‰ for 15N in muscle (Caut et al. 2011) and 2.4‰ for 13C and
3.2‰ for 15N in skin (Browning et al. 2014).
We used linear mixed-models at each location to assess the effects of age class,
sex, standard body length, tissue type and year collected (to account for inter-annual
variation in stable isotope values) on ringed seal and beluga 13C and 15N values (run
separately by species and element) with sample ID as a random effect. Categorical fixed
factors included age class (adult and subadult), sex (female and male) and tissue (liver or
skin, and muscle), whereas standard body length and year collected were continuous
fixed factors. Tissue type represented the categorical time period of isotopic turnover for
liver and skin (i.e. short-term diet indicator) and muscle (i.e. long-term diet indicator) to
allow repeated measures from each individual. For each population and element, we used
mixed-model variance component analysis in the random effect (i.e. sample ID) term to
estimate total observed variability (i.e. total isotopic niche width - TINW) for the
population by summing the intercept variability (between-individual component - BIC)

118

representing dietary variability between individuals and residual variability (i.e. withinindividual component - WIC; Roughgarden 1972; Newsome et al. 2009) representing
dietary consistency of an individual over time. Variance components for 13C and 15N of
each population were then summed following Newsome et al. (2009). A higher BIC than
WIC would be more indicative of a specialist population, whereas a higher WIC would
signify a generalist population. The degree of IS is represented by the WIC/TNW ratio
where values closer to 0 represent an increased degree of individual specialization
(Newsome et al.   

  

  eralization (Hückstädt et al. 2012).

Stable isotope values from ringed seals, beluga and their prey do not need to be corrected
for baseline nor temperature changes with latitude as we are not comparing absolute
stable isotope values between locations, but rather variation within and between
individuals at each location for each species. We then used linear regression to determine
relationships between WIC, BIC, TINW and WIC/TINW with latitude and longitude.
Statistical analyses were performed in R v. 3.1.1 (R Development Core Team 2015) using
the nlme package v. 3.1-118 (Pinheiro et al. 2014) with an  of 0.05.

Results
Results from linear mixed-model analyses revealed a significant effect on DTDFcorrected 13C and 15N values related to tissue type and standard length across all
locations for ringed seals (Table S4.1 in Supplementary material). A significant
relationship between 15N and age class occurred in Pangnirtung, Resolute, Saglek Bay
and Ulukhaktok, whereas a significant relationship between 13C and age class only
occurred in Pangnirtung (Table S4.1). Year of collection had a significant effect on 15N
in Saglek Bay and Ulukhaktok, whereas sex only had a significant effect on 15N in
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Ulukhaktok. In beluga whales, tissue type had the most significant effect on both DTDFcorrected 13C and 15N followed by year and standard length for 15N in Pangnirtung
and sex for 15N in Arviat (Table S4.2 in Supplementary material).
Results from mixed-model variance component analysis revealed that total
intercept variance (i.e. BIC) accounted for 59% and 79% of TINW in Pangnirtung and
Chesterfield Inlet, respectively indicating that ringed seals inhabiting these areas are
composed of individual specialists (Table 4.3). In contrast, total residual variance
accounted for most of the variation in stable isotope values for ringed seals in Resolute,
Ulukhaktok and Saglek Bay, and beluga whales from all locations, ranging from 58% in
Ulukhaktok ringed seals to 88% in Pangnirtung beluga, suggesting dietary generalization
for each of these populations (Table 4.3). The 13C and 15N ranges of prey items across
locations were similar (Table 4.2). This suggests that isotopic variation between pelagic
and benthic energy pathways and between zooplankton and fish prey items across
locations were similar allowing comparison in WIC, BIC and TINW metrics between
locations.
A significant negative linear relationship between TINW and latitude occurred
when both species were included in analyses (Fig. 4.3C; slope = -0.09, r2 = 0.64, F1,7 =
12.24, P = 0.01) but not when species were run separately (F1,5 = 7.39, P = 0.07 for ringed
seals, and F1,3 = 5.73, P = 0.14 for beluga). In addition, the WIC declined at a higher rate
than BIC with increasing latitude, however was only marginally significant (Fig. 4.3A, B;
WIC: slope = -0.05, r2 = 0.41, F1,7 = 4.92, P = 0.06; BIC: slope = -0.03, r2 = 0.25, F1,7 =
2.38, P = 0.17) and was largely influenced by the slope of the beluga data. When
analyzed by species separately, WIC for beluga whales declined at a higher rate
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compared to ringed seals relative to latitude with slopes of -0.11 and -0.02, respectively,
but neither was significant (beluga: F1,3 = 5.79, P = 0.14, and F1,4 = 2.33, P = 0.22 for
ringed seals). For ringed seals, BIC declined at a higher rate than WIC relative to latitude
(-0.04 and -0.02) but was not significant (F1,4 = 1.32, P = 0.33). The degree of IS (i.e.
WIC/TINW ratio) did not significantly change with increasing latitude (Fig. 4.3D; slope
= 0.008, r2 = 0.04, F1,8 = 0.28, P = 0.61). No significant relationships between WIC (r2 =
0.04, P = 0.59), BIC (r2 = 0.06, P = 0.53), TINW (r2 = 0.10, P = 0.42) and WIC/TINW (r2
< 0.01, P = 0.96) and longitude occurred when both species were combined. A significant
relationship between WIC and TINW occurred for beluga (slope = 0.84, r2 = 1.00, F1,3 =
774.6, P < 0.001; Fig. 4.4), and had a marginally significant higher slope than ringed
seals (t5 = 2.55, P = 0.051). No significant relationship between WIC and TINW occurred
for ringed seals (slope = 0.18, r2 = 0.13, F1,4 = 0.45, P = 0.55; Fig. 4.4), or between the
degree of IS and density among locations (slope = 0.04, r2 = 0.06, F1,3 = 0.13, P = 0.75).

Discussion
The TINW for ringed seal and beluga whale populations decreased with
increasing latitude likely due to higher ecological opportunity in the low- than the highArctic. For both predator species, the increase in their TINW was mainly driven by 15N
rather than 13C. In contrast to our hypothesis, the WIC of beluga increased in near a 1:1
relationship with TINW as all individuals within each population increased their niche
breadth suggesting that beluga whales, as a species, are dietary generalists. The slope
between WIC and TINW for ringed seals was significantly lower than beluga, not
significantly different from 0, and similar to relationships observed in ‘individual
specialist’ sea otters (Enhydra lutris; slope = 0.23; Newsome et al. 2015), implying a
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high degree of dietary individuality in populations of ringed seals which have a larger
TINW possibly driven by ecological opportunity and being omnivorous. Despite
relatively higher TINWs and more ecological opportunity at lower latitudes, the degree of
IS (WIC/TINW) did not change with latitude for either species, contradictory to our
hypothesis and the niche variation hypothesis. However, a high degree of IS occurred in
ringed seals from Pangnirtung and Chesterfield Inlet, two of the low latitudinal sites.
Other ecological factors, such as the intensity of inter- and intra-specific competition and
level of predation may have driven the higher degree of IS for ringed seals at Pangnirtung
and Chesterfield Inlet, which is explored in more detail below.
Ecological opportunity
Spatial heterogeneity in a consumer’s TINW respective to resource abundance
and diversity has been observed in a variety of species ranging from invertebrates
(Svanbäck et al. 2011) to vertebrates (Layman et al. 2007; Darimont et al. 2009). The
trophic dynamics of arctic regions at southerly latitudes have been changing due to the
recent northward range expansion of subarctic fish and plankton species (Wassman et al.
2011) where seabirds have shifted their diet from Arctic Cod to Capelin and Sand lance
at lower latitudes (Provencher et al. 2012). In our study, ringed seals and beluga had
larger TINWs at lower latitudes as a likely response to increased ecological opportunity.
This result is further supported by longitude having no site-specific significant effect on
any of the niche metrics for both species. Spatial differences in beluga whale diet have
been reported with individuals mainly consuming highly abundant Arctic Cod in the
high-Arctic locations of the Beaufort Sea (Loseto et al. 2009) and Resolute (Matley et al.
2015). At lower latitudes, beluga whales now consume other pelagic fish species
including Capelin and Sand lance near Pangnirtung (i.e. Cumberland Sound; Marcoux et
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al. 2012) and Hudson Bay (Kelley et al. 2010). Similarly, ringed seals have been reported
to mainly consume Arctic Cod in the high-Arctic with higher dietary proportions of
Capelin, Sand lance and invertebrates at lower latitudes (Yurkowski et al. in press). The
combination of a high WIC/TINW ratio and a low TINW for ringed seals and beluga
whales inhabiting the high-Arctic, suggests dietary specialization at the population level
where each species only consume one prey type or functional group in this case being
pelagic forage fish, mainly Arctic Cod.
The ecological opportunity concept is related to inter-specific competition and its
effects on niche width and individual specialization in consumer populations, in that an
increase in ecological opportunity or a decrease in inter-specific competition promotes
larger population niche widths and IS among individuals (Bolnick et al. 2010; Araújo et
al. 2011). With WIC having a steeper slope than BIC relative to latitude and WIC
significantly increasing with TINW in beluga whales, this suggests a parallel ecological
release where both the individual and population niche widths increase in similar
proportions in response to novel prey types (Bolnick et al. 2010). A similar result
occurred in female Antarctic fur seals (Arctocephalus gazella) where they increased
population TINW by enlarging their individual niche breadth during the inter-breeding
period when females typically gain condition by foraging intensively after weaning
(Kernaléguen et al. 2015). Moreover, a similar relationship between WIC and TINW
(slope = 0.54) occurred in sea otter populations from mixed substrates where all
individuals utilized multiple prey types or functional groups (Newsome et al. 2015).
Consistent with the niche variation and between-individual niche variation
hypotheses, the BIC had a steeper slope than WIC relative to latitude, and contributed
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more to higher TINW values than WIC in ringed seals. Comparable results where a
higher TINW corresponded to higher inter-individual variation and a high degree of IS
occurred in several other vertebrate species, including fruit bats (Rousettus aegyptiacus;
Herrera et al. 2008), green turtles (Chelonia mydas; Vander Zanden et al. 2010), brown
trout (Salmo trutta; Evangelista et al. 2014), grey snappers (Lutjanus griseus; Layman et
al. 2007), grey wolves (Canis lupus; Darimont et al. 2009), sea otters (Newsome et al.
2015) and Subantarctic fur seals (Arctocephalus tropicalis; Kernaléguen et al. 2015).
With the preponderance of subarctic species inhabiting the low-Arctic, ringed seals have
the opportunity to forage upon more prey types and functional groups by increasing their
niche size and degree of trophic omnivory (Yurkowski et al. in press), thereby increasing
inter-individual variation. Despite a higher BIC at relatively lower latitudes, the degree of
IS in ringed seals did not significantly change with latitude but was observed to be
highest in Chesterfield Inlet and Pangnirtung, two geographic areas where sub-Arctic
Sand Lance and Capelin have become common (Marcoux et al. 2012; Provencher et al.
2012). Consequently, some of the site-specific variation in IS may not be solely predicted
by ecological opportunity, as the level of intra- and inter-specific competition for
resources and predation pressure likely has influence at both locations (Svanbäck and
Bolnick 2005, 2007; Bolnick et al. 2010). The effect of inter-specific competition could
not be interpreted due to a lack of any accurate data on the abundance or density of
subarctic mammals, such as harbour seals (Phoca vitulina) and harp seals (Pagophilus
groenlandicus) at each geographic location, but both species have been reported to be
increasing in abundance in Hudson Bay and Cumberland Sound (Diemer et al. 2011;
Bajzak et al. 2012).
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Intra-specific competition
Strong intra-specific competition from high densities of a population typically
leads to a broader population niche width and a higher degrees of IS among individuals
(Svanbäck and Bolnick 2005, Evangelista et al. 2014). However, intra-specific
competition can also reduce inter-individual variation and degree of IS as all individuals
may converge onto an alternative prey resource due to changes in the preferred primary
prey resource (Araújo et al. 2011). Densities have not been estimated for beluga whales
near each sampling location, so we used total abundance estimates to provide a tentative
assessment on the influence of intra-specific competition for resources on TINW and
degree of IS. Intra-specific competition may have partially contributed to a higher TINW
in beluga whales from Arviat, as abundance was highest in Western Hudson Bay (57,300;
Richard 2005) compared to Eastern Beaufort and Chukchi Seas (42,958; Frost et al.
1993; Allen and Angliss 2011), areas encompassing Barrow Strait near Resolute (21,200;
Innes et al. 2002) and Cumberland Sound (1,547; COSEWIC 2004). In contrast to our
       

         

0.68) at all locations regardless of varying beluga abundances, suggesting that all beluga
individuals expand their niche and diverge on a similar prey functional group, most likely
pelagic forage fish (Loseto et al. 2009).
Density estimates for ringed seals vary inter-annually, but were much higher in
the Amundsen Gulf area near Ulukhaktok ranging from 2 – 3.5 seals/km2 in 1984
(Kingsley 1986), and Baffin Bay in 1978 – 1979 (2.8 seals/km2; Kingsley 1998) near
Cumberland Sound compared to Resolute (ranging from 0.21 – 1.16 seals/km2 in 1980 –
1982, average = 0.57 seals/km2; Kingsley et al. 1985) and Western Hudson Bay (ranging
from 0.20 – 1.22 seals/km2 in 1995 – 2013, average = 0.65 seals/km2; Young et al. in
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press). Abundance or density estimates for ringed seals have not been conducted near the
Labrador region encompassing Saglek Bay. No discernable relationship between ringed
seal density and TINW or IS was apparent, in contrast to our hypothesis and previous
studies where higher densities (i.e. intra-specific competition) of consumer populations
lead to a higher degree of TINW and IS (Svanbäck and Bolnick 2007; Evangelista et al.
2014; Newsome et al. 2015). Along with increased ecological opportunity, higher ringed
seal density in Baffin Bay may have contributed to a broader population niche width and
a higher level of IS in ringed seals near Pangnirtung. Consistent with optimal diet theory
(Schoener 1971), all individuals have a preferred prey resource, in this case likely being
energy-rich Arctic Cod (24.2kJ/g dw-1; Weslawski et al. 1994). But differences in rankpreference variation for alternative resources among individuals, such as invertebrates
(12.3 – 21.1 kJ/g dw-1; Weslaski et al. 1994) and Capelin (21.2 kJ/g dw-1; Hedeholm et al.
2011) can lead to increased population niche widths and higher levels of IS among
individuals, which was also observed in Subantarctic fur seals (Kernaléguen et al. 2015).
Alternatively, the highest level of IS for ringed seals occurred in Western Hudson Bay –
an area of relatively lower ringed seal density and high ecological opportunity,
suggesting that individuals within the population may already have distinct preferred prey
resources (Araújo et al. 2011). However, the high degree of IS for Western Hudson Bay
ringed seals may also be influenced by other ecological factors, such as decreased
predation pressure.
The effect of decreased predation pressure from polar bears (Ursus maritimus),
the main predator of ringed seals (Stirling and Derocher 2012), could be associated with
the higher degree of IS of ringed seals from Baffin Bay and Western Hudson Bay, as both
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polar bear populations have declined (Regehr et al. 2007; Laidre et al. 2015; Lunn et al.
2015). Increased predation pressure has been shown to decrease IS (Eklöv and Svanbäck
2006), thus decreased predation pressure potentially allows ringed seal individuals to be
more risk-averse thereby increasing their level of IS among individuals and in turn, their
population niche width. As well, the Davis Strait polar bear population which
encompasses Saglek Bay is stable (Laidre et al. 2015) and would likely have relatively
higher predation pressure which may influence the low degree of IS for Saglek Bay
ringed seals.
Conclusion
The TINW for ringed seal and beluga decreased with increasing latitude most
likely due to increased ecological opportunity at lower latitudes. However the
relationship between individual niche metrics (WIC and BIC) and TINW, as well as
latitude differed between species where in ringed seals, BIC contributed more than WIC
to higher TINW values implying individual specialization in ringed seals. In beluga, WIC
increased in a near 1:1 ratio with TINW suggesting dietary generalization. The effect of
intra-specific competition on TINW and the degree of IS was mixed but no relationship
between TINW or the degree of IS and consumer density was apparent for both species.
In concordance with results from this study, Svanbäck et al. (2011) reported that resource
abundance, not consumer density (i.e. intra-specific competition) was the main
component driving a higher TINW and degree of IS. The influence of ecological
opportunity affecting niche metrics and IS in animals is likely underrepresented in the
ecological literature as most studies have primarily investigated the effects of intra- and
inter-specific competition on niche variability and the degree of IS. In conclusion,
latitudinal differences in niche metrics between beluga whales and ringed seals relative to
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ecological opportunity and intra-specific competition suggested species-specific variation
in the ability for dietary plasticity to changing resource and environmental conditions in
the Arctic.
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Table 4.1. Sample sizes of paired ringed seal liver and muscle, and beluga whale skin
and muscle by age-class, sex and location used for stable isotope analysis. HI:
Hendrickson Island
Adult
Location

Subadult

Year

Male

Female

Male

Female

Resolute

2004 - 2012

24

10

8

4

Ulukhaktok

1995 - 2010

97

44

2

10

Pangnirtung

1990 - 2009

17

18

23

19

Chesterfield Inlet

1999 - 2000

12

16

4

2

Saglek Bay

2008 - 2011

28

31

5

5

Resolute

1999 - 2009

8

3

-

-

HI/Paulatuk

2011 - 2012

32

-

-

-

Pangnirtung

1986 - 2006

13

7

7

4

Arviat

2003 - 2008

20

11

8

4

Ringed seal

Beluga
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Table 4.2. Mean stable isotope value ranges between benthic and pelagic (13C) prey and
15
 N) prey for ringed seals and beluga whales at each location.
 


13

 

C



 

15

N

Location

values of prey (‰)

values of prey (‰)

Source

Resolute

-21.4 — -17.0 (4.4)

8.7 — 14.6 (5.9)

1

Amundsen Gulf

-26.1 — -21.5 (4.6)

9.4 — 14.7 (5.3)

2

Pangnirtung

-20.8 — -16.8 (4.0)

9.0 — 15.6 (6.4)

3 and 4

Hudson Bay

-22.7 — -18.0 (4.7)

9.7 — 14.7 (5.0)

5

Saglek Bay

-20.4 — -17.0 (3.4)

8.5 — 14.4 (5.9)

1 and this study

Sources include: (1) Yurkowski et al. in press, (2) Loseto et al. 2008, (3) Marcoux et al.
2012, (4) McMeans et al. 2013 and (5) Chambellant et al. 2013. The mean 13C and 15N
values of Calanus sp. (n = 43) collected from Saglek Bay was -20.4‰ ± 0.6‰ (mean ±
SD) and 9.8‰ ± 0.4‰, respectively.
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Table 4.3. Variance component analysis from linear mixed-model analysis for ringed seal and beluga 13  15N values at each
                       13  15N at each location. Total intercept
                             13  15N, then divided
by total niche width (TINW) at each location. Greater total intercept variances than total residual variances are highlighted in bold
indicating a group of individual specialists. Proportion of WIC and BIC that explained TINW are in parentheses. HI: Hendrickson
Island

13C (‰)

15N (‰)

Total

Total

Intercept

Residual

Conditional

Intercept

Residual

Conditional

intercept

residual

variance

variance

r2

variance

variance

r2

variance

variance

TINW

Resolute

0.10

0.11

0.74

0.16

0.33

0.46

0.26 (37%)

0.44 (63%)

0.70

Ulukhaktok

0.06

0.16

0.33

0.18

0.17

0.65

0.24 (42%)

0.33 (58%)

0.57

Pangnirtung

0.23

0.09

0.81

0.39

0.39

0.58

0.62 (59%)

0.48 (41%)

1.10

Chesterfield Inlet

0.30

0.10

0.85

0.97

0.24

0.85

1.27 (79%)

0.34 (21%)

1.61

Saglek Bay

0.10

0.43

0.33

0.44

0.43

0.67

0.54 (39%)

0.86 (61%)

1.40

Resolute

0.04

0.04

0.67

0.00

0.15

0.13

0.04 (17%)

0.19 (83%)

0.23

HI/Paulatuk

0.08

0.13

0.83

0.05

0.14

0.83

0.13 (33%)

0.27 (67%)

0.40

Pangnirtung

0.05

0.02

0.93

0.01

0.40

0.82

0.06 (13%)

0.42 (87%)

0.48

Arviat

0.15

0.46

0.61

0.00

1.73

0.40

0.15 (6%)

2.19 (94%)

2.34

Location
Ringed seal

Beluga
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Fig. 4.16. Beluga whale in Cunningham Inlet, Nunavut, Canada. Photo courtesy of
Gretchen Freund.
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Fig. 4.2. Map of locations where ringed seal liver and muscle samples and beluga whale
skin and muscle samples were collected for stable isotope analysis. See Table 1 for
sample sizes. CS: Cumberland Sound
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Fig. 7. Linear regression between TINW and WIC for ringed seals (closed circles) and
beluga whales (open circles). The slope for beluga whales (long-dashed line) is
significantly higher than that of ringed seals (solid line). The dotted line represents a 1:1
relationship.
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Supplementary material
Table S4.1. Parameter estimates from linear mixed-models for ringed seal 13C and 15N
values at each location relative to age class, sex, standard length, tissue and year collected
with seal ID as a random effect. Significant p-values are highlighted in bold. SE:
Standard error
13

15

C (‰)

N (‰)

Slope ± SE

tstatistic

df

pvalue

Slope ± SE

tstatistic

df

pvalue

Age class

-0.13 ± 0.27

-0.47

29

0.64

0.60 ± 0.48

1.24

29

0.22

Sex

-0.15 ± 0.21

-0.70

29

0.49

-0.58 ± 0.37

-1.58

29

0.12

Standard length

0.02 ± 0.008

2.85

29

<0.01

0.03 ± 0.01

2.26

29

0.03

Year

0.31 ± 0.21

1.42

29

0.17

0.28 ± 0.38

0.74

29

0.46

Tissue

-0.67 ± 0.08

-8.69

33

<0.001

0.51 ± 0.12

4.23

33

<0.001

Age class

0.28 ± 0.13

2.16

72

0.03

-0.66 ± 0.19

-3.49

72

<0.001

Sex

-0.27 ± 0.15

-1.29

72

0.20

0.11 ± 0.17

0.66

72

0.51

Standard length

0.01 ± 0.005

2.40

72

0.02

0.005 ± 0.006

0.81

72

0.42

Year

-0.008 ± 0.01

-0.61

72

0.55

-0.009 ± 0.02

-0.47

72

0.64

Tissue

-0.76 ± 0.05

-15.36

76

<0.001

0.42 ± 0.10

4.11

76

<0.001

Age class

-0.27 ± 0.15

-1.78

41

0.08

-0.59 ± 0.21

-2.76

41

<0.01

Sex

-0.16 ± 0.13

-1.19

41

0.24

0.20 ± 0.19

1.06

41

0.30

Standard length

0.004 ± 0.003

1.53

41

0.13

-0.004 ± 0.004

-0.94

41

0.35

Year

0.001 ± 0.02

0.05

41

0.96

-0.06 ± 0.03

-1.80

41

0.08

Tissue

-0.82 ± 0.07

-12.10

45

<0.001

0.04 ± 0.12

0.36

45

0.72

Age class

0.17 ± 0.26

0.65

64

0.52

0.85± 0.37

2.27

64

0.03

Sex

0.02 ± 0.14

0.16

64

0.87

-0.07 ± 0.20

-0.36

64

0.72

0.002 ± 0.007

0.26

64

0.80

0.04 ± 0.01

3.72

64

<0.001

Predictor variable
Chesterfield Inlet

Pangnirtung

Resolute

Saglek Bay

Standard length

147

Year

-0.10 ± 0.07

-1.50

64

0.14

0.21 ± 0.10

2.18

64

0.03

Tissue

-0.61 ± 0.11

-5.47

68

<0.001

0.96 ± 0.11

8.89

68

<0.001

Age class

0.12 ± 0.14

0.91

149

0.36

-0.47 ± 0.19

-2.50

149

0.01

Sex

0.02 ± 0.07

0.22

149

0.83

0.19 ± 0.10

1.99

149

<0.05

Standard length

0.004 ± 0.004

1.09

149

0.28

0.02 ± 0.005

4.08

149

<0.001

Year

-0.01 ± 0.007

-2.17

149

0.03

-0.001 ± 0.009

-0.14

149

0.89

-0.19± 0.05

-4.20

153

<0.001

-0.08± 0.05

-1.62

153

0.11

Ulukhaktok

Tissue
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Table S4.2. Parameter estimates from linear mixed-models for beluga whale 13C and
15N values at each location relative to age class, sex, standard length, tissue and year
collected with ID as a random effect. Significant p-values are highlighted in bold. HI:
Hendrickson Island, SE: Standard error
13

15

C (‰)

N (‰)

Slope ± SE

tstatistic

df

pvalue

Slope ± SE

tstatistic

df

pvalue

0.11 ± 0.24

0.47

7

0.65

0.07 ± 0.28

0.25

7

0.81

0.002 ± 0.002

0.90

7

0.40

0.003 ± 0.003

1.28

7

0.25

Year

0.02 ± 0.02

0.66

7

0.53

0.006 ± 0.03

0.21

7

0.84

Tissue

0.32 ± 0.08

3.89

10

<0.01

-0.15 ± 0.17

-0.88

10

0.40

0.001± 0.003

0.45

29

0.65

0.002 ± 0.003

0.94

29

0.36

Year

0.01 ± 0.14

0.09

29

0.93

0.09± 0.12

0.78

29

0.45

Tissue

-1.47 ± 0.09

-16.14

31

<0.001

-1.58 ± 0.09

-16.63

31

<0.001

Age class

-0.20 ± 0.12

-1.75

26

0.09

-0.07 ± 0.22

-0.32

26

0.75

Sex

-0.04 ± 0.10

-0.37

26

0.72

0.22 ± 0.19

1.17

26

0.25

0.001 ± 0.001

1.01

26

0.32

0.007 ± 0.002

3.22

26

<0.01

Year

-0.02 ± 0.01

-2.67

26

0.01

-0.10 ± 0.01

-7.40

26

<0.001

Tissue

-0.94 ± 0.04

-20.98

30

<0.001

-2.37 ± 0.16

-14.87

30

<0.001

Age class

0.48 ± 0.24

2.00

39

0.05

-0.35 ± 0.36

-0.97

39

0.34

Sex

0.16 ± 0.20

0.80

39

0.43

0.69 ± 0.30

2.30

39

0.03

0.002 ± 0.002

1.25

39

0.22

-0.0003 ± 0.003

-0.11

39

0.91

Year

0.04 ± 0.05

0.82

39

0.42

0.04 ± 0.08

0.52

39

0.60

Tissue

-1.39 ± 0.15

-9.31

43

<0.001

-2.03 ± 0.29

-7.09

43

<0.001

Predictor
variable
Resolute
Sex
Standard length

HI/Paulatuk
Standard length

Pangnirtung

Standard length

Arviat

Standard length

149

Chapter 5: Shorter ice-free seasons increase foraging behaviour variability across a
species’ latitudinal range

150

Introduction
Environmental variability in both space and time has pronounced effects on the
function and structure of ecosystems by influencing population and community processes
across numerous spatial and temporal scales (Levin 1992). Specifically, environmental
stochasticity at regional scales can increase or decrease species richness (Gaston 2000),
abundance and distribution (Thuiller et al. 2005; Feldman et al. 2015), change migration
patterns and timing (Hodgson et al. 2006), favour or hinder selection for phenotypic
plasticity (Reed et al. 2010), as well as alter species life histories and increase or decrease
fitness (Coulson et al. 2006). Additionally, large-scale climate systems, such as the North
Atlantic Oscillation and El Niño-Southern Oscillation, have high yearly variation which
shape animal breeding phenology (Forchhammer et al. 1998), population dynamics and
trophic interactions in terrestrial and marine ecosystems (Stenseth et al. 2003). These
combined effects of environmental unpredictability have ramifications on a species’
ability to cope with variation and maintain a positive fitness via natural selection on their
movement ecology and behaviour in stochastic environments (Boyce et al. 2006).
Animal movement ecology hinges on an individual’s internal physiological state,
motion capacity and navigational ability through cognitive and sensory mechanisms, and
environmental context, which altogether influence how animals - ranging from
microorganisms to large mammals - perceive, move and behave in spatial and temporal
dimensions (Nathan et al. 2008). These processes affect ecosystem structure and function,
as animal movements transport and obtain biomass, nutrients and energy within and
between heterogeneous landscapes, seascapes and ecosystems (Hussey et al. 2015),
which may ultimately mediate ecological diversity and stability across the globe (Bauer
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and Hoye 2014). For example, Raymond et al. (2015) identified important geographic
areas and marine habitats in Antarctic waters by reporting habitat preferences for seven
Antarctic marine predators from key environmental characteristics indicating ecological
significance in Antarctic resource distribution and foraging behaviour.
The strategies of movement for individuals within populations depend on a
multitude of factors relating to population density, resource availability and distribution,
habitat cues, patch size and isolation (Bowler and Benton 2005). However, dispersal
patterns are not uniform within populations as dispersal propensity can vary between
individuals due to differences in life-history traits such as sex, developmental size,
internal energetic state, and body size whereby smaller, competitively inferior individuals
are more prone to disperse than relatively larger, competitively superior individuals
(Greenwood 1980). This, asymmetrical competition whereby larger individuals are
competitively superior to smaller ones is common in nature and has implications on the
dynamics of species distribution and ecosystem trophodynamics (Persson 1985). Here,
we investigate the influence of environmental parameters, environmental stochasticity in
inter-annual sea ice dynamics and competitive asymmetry on the movement and foraging
behaviour of ringed seals (Pusa hispida) across the Arctic – a large seasonally dynamic
seascape.
The arctic physical environment is variable both spatially and seasonally due to
extreme seasonality in climate and sea ice extent that drive ecological dynamics in its
marine ecosystem. The ringed seal is an abundant near-top trophic level carnivore that
has a circumpolar distribution and whose life-history has been strongly shaped by sea ice
dynamics (Smith and Hammill 1981). Ringed seal diet varies with age, space (Siegstad et
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al. 1998; Yurkowski et al. in press) and season (Young and Ferguson 2013), but they
forage more intensively in the productive summer and fall, when intra-specific
competition for food is highest, to rebuild lost energy stores during the overwintering
period (Ryg and Øritsland 1991). Ringed seals have been observed to travel thousands of
kilometres during the open water period (Harwood et al., 2012), but also exhibits sitefidelity and territoriality (e.g. Teilmann et al. 1999, Born et al. 2004; Kelly et al. 2010;
Brown et al. 2014a).
Here, we used a large and extensive long-term ARGOS satellite telemetry data set
of ringed seals to analyse their horizontal and vertical movement and infer foraging
behaviour according to age-class in the summer, fall and winter relative to intra- and
inter-annual abiotic factors through space and time. No study has examined the influence
of age, body size and the inter-annual variability in sea ice attributes in combination on
the foraging behaviour of a marine carnivore across a large spatial and temporal scale to
determine their response to varying degrees of environmental stochasticity. We used
hierarchical Bayesian two-state switching state space models (SSM) which estimate true
locations and infer behaviour such as travelling and resident/foraging (R/F; Jonsen et al.
2005). First, we examined whether common environmental and dive parameters
consistently explained ringed seal foraging behaviour from different geographic areas
across the Arctic. We hypothesized that ringed seals across the Arctic respond alike to
similar environmental variables and exhibit similar dive behaviours. Second, we
investigated whether variability between travelling and foraging behaviour changed in
response to ice-free season length and higher degrees of environmental variation in interannual sea ice dynamics through space. We hypothesized that ringed seals will respond to
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increased sea ice stochasticity by increasing behavioural variability to adjust to interannual extremes in spatial and temporal environmental variation. Third, we tested
whether interference competition for resources existed in ringed seals across the Arctic.
We hypothesized that larger, older ringed seals will remain more resident than their
smaller conspecifics.

Materials and methods
Study animals
A total of 130 ringed seals were captured and deployed with satellite telemetry
transmitters (see Luque et al. 2014 and Harwood et al. 2012 for specific details on
capture, measuring and tagging procedures) at seven locations across the Arctic and
latitudinal range including: (1) Melville Bay, Northwest Greenland, (2) Resolute,
Nunavut, Canada (3) Cape Parry and (4) Ulukhaktok, Northwest Territories, Canada both
encompassing the Amundsen Gulf, (5) Igloolik, Nunavut, Canada, (6) Sanikiluaq,
Nunavut, Canada, and (7) Saglek Bay, Labrador, Canada in the summer and fall (ranging
from June to October) from 1999 to 2012 (Fig. 5.1; Table 5.1). A minimum age estimate

                     
age were considered subadults based on th 

           

McLaren 1958; see Table S5.1 for morphometric measurements and telemetry
information per individual in Supplementary material).
Study sites
The physical environment varies considerably across locations where in western
Greenland, the coasts and fjords consist of the most productive glaciers in the northern
hemisphere due to the melting of the Greenland Ice Sheet leading to high biological
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productivity (Hansen et al. 2012). The direction of sea ice formation in part of the
Northwest Passage which encompasses Resolute, is eastward towards Baffin Bay and is
mainly composed of land-fast ice in the fall and winter. The Amundsen Gulf is composed
of land-fast ice during the winter, but a recurrent polynya occurs between eastern
Amundsen Gulf and the Beaufort Sea with sea ice continually moving westward due to
the wind-driven Beaufort Gyre (Rigor et al. 2002). Near Igloolik, Sanikiluaq and Saglek
Bay, a southward direction of sea ice movement occurs during formation in the fall and
winter.
Satellite telemetry
Telemetry data were obtained via ARGOS satellite telemetry transmitters
including SPOT5 (location recorders), SLTDR-10 and 16 and SPLASH (location and
time-depth recorders) manufactured by Wildlife Computers (WC; Redmond,
Washington, U.S.A), and CTD and 9000x satellite relay data loggers (location and time
depth recorders from Sea Mammal Research Unit (SMRU, University of St. Andrews, St.
Andrews, UK; see Appendix Table S1). Briefly, individual dives were binned at depths
exceeding 4m for all types of transmitters with time-depth recordings sampling every
second for WC transmitters deployed on Melville Bay seals, every 10 seconds for all
other WC transmitters, and every 4 seconds on the SMRU transmitters (see Table S5.2
for bin intervals of each transmitter type in Supporting Information).
Environmental and dive parameters
A geographic information system (ArcGIS 10.1, Environmental Sciences
Research Institute, Redlands, California) was used to extract several environmental
variables at each seal location estimate. Sea ice concentration (%) data was obtained via
Special Sensor Microwave/Imager (SSM/I) passive microwave data at a spatial resolution
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of 25 kilometers in 8-day composite images from the National Snow and Ice Database
Centre (Boulder, Colorado). To determine behavioural variability relative to sea ice
dynamics, we obtained weekly sea ice concentration estimates from 1999 – 2013
encompassing each study region using Canadian Ice Service’s IceGraph 2.0 Tool
(http://iceweb1.cis.ec.gc.ca/IceGraph/page1.xhtml) including Eastern Baffin Bay
(Melville Bay), Eastern Parry Channel (Resolute), the Amundsen Mouth and Gulf
(Ulukhaktok and Cape Parry), Foxe Basin (Igloolik), Eastern Hudson Bay (Sanikiluaq)
and the Northern Labroador Sea (Saglek Bay). Following the methods of Stirling et al.
(1999), we defined the open water and ice-covered periods at each study region when
total sea

   

 

   

Chlorophyll-a (mg*m-3)

data was used as a proxy for resource abundance and collected via the MODIS-AQUA
satellite through National Aeronautics and Space Association Ocean Biology at a 4-km
resolution in 8-day composite images. Sea floor depth (m) was extracted from General
Bathymetric Chart of the Oceans at a resolution of 30° arc-seconds. We also calculated
the shortest distance (km) between seal location estimates and land. We obtained the
monthly phase (negative or positive) of the Arctic Oscillation (AO), which is an index of
sea pressure anomalies north of 20ºN (Thompson and Wallace 1998; Rigor et al. 2002),
from the National Oceanic Atmospheric Administration/Climate Prediction Center. We
compiled summary dive records at every 12 hour period (see movement analysis) for
each individual, which included average maximum dive depth (m) and duration (s),
coefficient of variation (CV) of maximum dive depth (m) and duration (s), number of
dives and a dive index (average maximum dive depth/bathymetry) ranging from 0
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(pelagic dive near the surface) to 1 (benthic dive). See Table 5.2 for ranges of
environmental and dive parameters at each location.
Movement behaviour analysis
To refine ARGOS location error and infer behavioural states (resident/foraging
(R/F) or traveling) for ringed seals, we used a discrete time correlated random walk in the
form of hierarchical Bayesian switching SSMs, which improves parameter and location
estimation (see Jonsen et al. 2005 for specific details). As a result of this large dataset and
computational limitations restricting the fit of one large hierarchical SSM, we classified
ringed seals into distinct groupings by capture location, tagging year and age-class and fit
each hierarchical SSM separately while still incorporating the capacity for amongindividual variation (Jonsen et al. 2006). The SSM was implemented using the package
bsam v0.44 (Jonsen et al. 2013) in R v3.1.3 (R Development Core Team, 2015) by
running Markov Chain Monte Carlo (MCMC) methods using Just Another Gibbs
Sampler (JAGS) at a time-step of 12 hr. Two MCMC chains were run for 30,000
iterations with a 20,000 sample burn-in and thinned every 10 samples leaving every 10th
sample from the remaining 10,000 for parameter estimation. Temporal autocorrelation
was assessed visually via trace and autocorrelation plots and then chain convergence was
estimated by Gelman and Rubin’s potential scale reduction factor which was < 1.1 for all
parameters. The SSM estimates a continuous behavioral state probability between 0
(travelling) and 1 (R/F) where a value >0.5 is presumed to be resting or foraging in an
area-restricted fashion.
Data analysis
To investigate relationships between behavioral state and environmental and dive
parameters, as well as all possible two-way interactions, we used generalized linear
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mixed models (GLMM) with a binomial error structure and logit link using the package
lme4 v1.1-8 (Bates et al. 2015) in R. A strong locational difference with Melville Bay
seals was apparent a priori, thus analyses were performed at each location separately to
examine which parameters similarly explained ringed seal behavioural patterns across the
Arctic while simultaneously removing the potentially masking effects of location. Fixed
effects included age class, bathymetry, sea ice and chlorophyll-a concentration, phase of
the AO, distance to shore, mean maximum dive depth, CV dive depth, average dive
duration, CV dive duration, number of dives and dive index. Tagging year, Julian date
and sample ID were included as random effects. An optimal random effect structure was
determined at each location using maximum likelihood ratio tests model (

2

) on the null

model. At all locations, the best random effect structure included a sample ID intercept
with Julian date as a random slope to allow behavioural plasticity for each individual
across time. Tagging year was removed as a random intercept to lower model complexity
as its inclusion did not significantly improve model fit at any location.
Continuous predictor variables were screened for collinearity and removed when

     

               was >

3.0. In all models, we removed average dive duration and CV dive duration due to high
correlation (> 0.7) with average maximum dive depth and CV dive depth, respectively.
Bathymetry was also removed due to its correlation (> 0.6) with distance to shore. In
addition, most two-way interactions between covariates at all locations were removed due
to high collinearity evaluated using VIFs. We followed the model selection approach
detailed in Zuur et al. (2009) using a backwards-step selection approach beginning with
the full model and eliminating the most non-significant covariate until all remaining
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covariates were significant. Model selection was guided by Akaike’s Information
Criterion for small sample sizes (AICc; Burnham and Anderson 2002) where the lowest
 



) was used to select the most parsimonious model using MuMIn

v1.15.1 (Bartón 2015) in R. When several models had substantial support (



values

< 2.0), model coefficients were averaged to provide a robust parameter estimation
(Burnham and Anderson 2002). To assess model fit, we calculated marginal R2
(proportion of variance explained by fixed effects) and conditional R2 (proportion of
variance explained by fixed and random effects) using the R package MuMIn.
To examine foraging behaviour variability relative to age, body size and
environmental variation during the ice-free period, we used two separate general linear
models to test the effects of (1) age-class, (2) latitude, (3) longitude, (4) CV and (5) mean
ice-free season length from 1999-2013 at each respective location on CV behavioural
state and percentage of time in an R/F state for each individual. The CV behavioural state
and percentage of time in R/F were calculated only in location estimates <50% sea ice
concentration to represent the ice-free period from summer to late fall. Prior to analysis,
latitude and longitude were removed due to their high correlation (>0.8) with CV and
mean ice-free season length. To improve normality and homoscedasticity, CV
behavioural state and percentage of time in R/F mode were log- and square-transformed,
respectively. For all significance tests,

was set to 0.05.

Results
The duration of satellite telemetry transmitter attachment on ringed seals across
all locations ranged from 11 – 291 days (129 ± 65 days, mean ± SD; Table 5.1; Table
S5.1). To standardize total distances traveled by individuals due to varying lengths of tag
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attachment, we calculated a movement rate (km day-1) per individual, which ranged from
2 – 75 km day-1 (mean: 21 ± 12 km day-1 (SD)) across all locations (Table 5.1; Table
S5.1). Movement rates were only calculated during the ice-free period when seal location
estimates were <50% sea ice concentration. Generally, ringed seals tagged in Resolute
and the Amundsen Gulf had higher movement rates than individuals at other locations
(Table 5.1; Table S4.1).
Relationship between behavioral state and environmental and dive parameters
We considered Melville Bay as an outlier since over 99% of estimated
behavioural states were R/F, and therefore excluded it from environmental and dive
analysis. The mixed effects models with the most support predicting behavioural state
across all locations retained chlorophyll-a concentration, mean maximum dive depth, CV
dive depth and dive index. Age class and number of dives in Saglek Bay, and distance to
shore and sea ice concentration in Resolute were not retained (Table 5.3; Table S5.3 in
Supplementary material). Few interactions were retained at each location, only remaining
between age class and sea ice concentration in the Amundsen Gulf, age class and AO
phase in Resolute, age-class and chlorophyll-a and age-class and AO phase in Igloolik,
and between age-class and CV dive depth and number of dives in Igloolik (Table 5.3;
Table S5.3). Both fixed and random effects provided considerable explanatory power in
predicting behavioural state across all locations where the marginal R2s for the best fit
models ranged from 0.10 (Saglek Bay) to 0.22 (Resolute) and conditional R2s ranged
from 0.37 (Sanikiluaq) to 0.80 (Saglek Bay; Table S5.3).
Environmental covariates generally had similar relationships with behavioural
state across all locations. A positive AO phase was associated with R/F behaviour in
Resolute, Igloolik, Sanikiluaq and Saglek Bay but was reversed in the Amundsen Gulf
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where seals were travelling during positive AO (Table 5.3). In Resolute, subadults
exhibited R/F behaviour in months of positive AO whereas adults generally exhibited R/F
behaviour in months of positive and negative AO (Table 5.3). Seals resided and foraged
closer to shore in Amundsen Gulf, Sanikiluaq and Saglek Bay (Table 5.3). Higher
chlorophyll-a concentration inferred travelling behaviour in Resolute, Igloolik and
Sanikiluaq (Table 5.3). Increased sea ice concentration was associated with R/F
behaviour in the Amundsen Gulf and Sanikiluaq, but this relationship reversed in Saglek
Bay where seals were traveling at higher sea ice concentrations (Table 5.3). In the
Amundsen Gulf, subadults travelled more often in the ice-free period than adults who
were mainly in an R/F state (Table 5.3).
The diving covariates had similar relationships with behavioural state across
locations. Ringed seals dove to deeper depths when traveling at most locations, except in
the Amundsen Gulf (Table 5.3). Across all locations, a significant negative relationship
occurred between CV dive depth and behavioural state (Table 5.3). In Sanikiluaq, adults
dove more frequently and had a significantly lower CV depth when foraging than
subadults. As well, dive index influenced behavioural state across all locations where
seals utilized the sea floor when foraging (Table 5.3). Number of dives was not
significant at any location (Table 5.3).
Foraging behaviour variability relative to environmental and biotic variation
Ice-free season length did not significantly change at any location from 19992013 (slope ranges = -0.05 (Saglek Bay) – 0.09 (Amundsen Gulf), P ranges = 0.10
(Amundsen Gulf) – 0.91 (Sanikiluaq)). The CV of behavioural state during the ice-free
season increased significantly with CV of ice-free season length (slope = 2.49, P = 0.02),
and decreased with mean ice-free season length (slope = -0.002, P = 0.01; multiple R2 =
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0.33; Fig. 5.3). The proportion of time spent in an R/F state decreased significantly with
CV of ice-free season length (slope = -2.35, P < 0.01; multiple R2 = 0.24; Fig. 5.3).
Adults spent significantly more time in an R/F state than subadults at most
locations except Saglek Bay (Table 5.3). A binomial general linear model with age class
as the dependent variable and standard length as the independent variable revealed that
adults were significantly larger than subadults (slope = 0.11, P < 0.001, R2 = 0.46). Interindividual variation within location in movement behaviour indicated via the sample ID
intercept variance was considerably higher in Resolute, Amundsen Gulf and Saglek Bay,
thus revealing a variety of different movement and foraging strategies between
individuals at these locations (Table 5.3). The random slope variance (Julian date) was
low across all locations (Table 5.3). The CV of behavioural state during the ice-free
season was lower in larger, older individuals (slope = -0.37, P < 0.01; multiple R2 = 0.33;
Fig. 5.3), whereas the proportion of time spent in R/F state significantly increased in
larger, older individuals (slope = 0.17, P < 0.01; multiple R2 = 0.24; Fig. 5.3).

Discussion
This is the first study to empirically demonstrate the strong influences of both
environmental stochasticity and competitive asymmetry on the foraging behaviour of a
marine carnivore. Across a large spatial scale, we illustrate a general latitudinal gradient
where higher inter-annual variation in sea dynamics was related to increased behavioural
variability in ringed seals. In addition, our results indicate competitive asymmetry via
interference competition among ringed seal populations where larger, older individuals
spent more time in resident behaviour than their conspecifics, thus competitively
excluding them to other habitat patches and more transitory behaviour.
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Spatial movement variability
Substantial spatial variation in movement rates and time spent R/F occurred
where ringed seals at higher latitudes had higher movement rates and spent less time R/F
than individuals from lower latitudes during the ice-free season, except in Melville Bay
where biological productivity from glaciers is highest. Great distances travelled for
different populations of a species have been linked to latitude and greater environmental
stochasticity where individuals at higher latitudes and those that inhabit areas with greater
environmental variation travel greater distances than their conspecifics (Singh et al.
2012). This occurs in birds (Mandel et al. 2011) and terrestrial mammals (Mysterud et al.
2011; Singh et al. 2012), but has not previously been demonstrated in any marine species.
Increased movement rates for ringed seals at higher latitudes was likely partially driven
by high dispersal in the prey distribution of Arctic Cod (Boreogadus saida; Welch et al.
1992), the preferred prey species of ringed seals (Siegstad et al. 1998; Yurkowski et al. in
press). Similarly, polar bears (Ursus maritimus), the main predator of ringed seals,
increased their home range in areas that underwent high intra- and inter-annual variation
in sea ice dynamics as a response to variable prey distributions (Ferguson et al. 1999).
Spatial foraging behaviour and the environment
Environmental factors influence dispersal strategies of animals in terms of cues
where information is integrated to reach behavioural decisions to select and choose
habitats based on environmental and resource cues (Clobert et al. 2009; Beyer et al.
2010). However, in this study, the influence of sea ice concentration, distance to shore,
primary productivity and phase of the AO on ringed seal foraging behaviour were not
consistent across locations. In the Amundsen Gulf and Sanikiluaq, ringed seals were in an
R/F state in areas of stable shore-fast ice, which likely restricted their ability to travel,
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thus formed subnivean lairs and territories for resting on the ice-platform and foraged
upon ice-associated fish (Young and Ferguson 2013). In addition, shore-fast ice with
adequate snow cover allows ringed seals to avoid predators, such as polar bears who have
been reported to prefer foraging in areas of active sea ice away from shore, such as
recurring polynyas (Pilfold et al. 2014). However, in Saglek Bay (one of the most
southern sampling locations), individuals traveled farther from shore in active sea ice
most likely due to relatively lower sea ice concentrations in this area, thus permitting
traveling behaviour between habitat patches similar to that of ringed seals in the Bering
Sea which is also at the southern limit of ringed seal distribution for that geographic area
(Crawford et al. 2012).
Primary productivity (proxy for resource abundance) was surprisingly not a good
indicator of ringed seal R/F behaviour as they exhibited traveling behaviour at higher
chlorophyll-a concentration across all locations. This contrast could be attributed to the
limitation of satellite-based data only assessing chlorophyll-a concentration within the
first few metres of the water column despite higher amounts of primary productivity
occurring at deeper depths or due to a spatio-temporal lag effect between phytoplankton
and zooplankton development influencing fish distribution (Grémillet et al. 2008).
Large-scale climate variability indices can be used as better predictors of
ecological change than environmental factors at regional scales (Stenseth et al. 2003). In
the Beaufort Sea, a positive summer AO weakens the wind-driven Beaufort Gyre which
slows westward sea ice transport (Rigor et al. 2002). This likely delays the timing of
phytoplankton blooms and biological productivity causing ringed seals to exhibit more
traveling behaviour by searching for suitable food patches in this area. Ringed seals in
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the Canadian Archipelago (Resolute and Igloolik), Hudson Bay (Sanikiluaq) and
Labrador Sea (Saglek Bay) had an opposite relationship where ringed seals were in a R/F
state during positive AO phases. In these areas, sea-ice breakup is delayed and slows the
summer melt during the positive NAO phase (Gough et al. 2004), which is strongly
correlated with AO (Thompson and Wallace 1998), possibly relating to increased R/F
behaviour. However, the mechanistic links between animal behaviour and large-scale
climate variability indices are likely highly complex and requires further study.
Spatial behaviour and diving
In this study, ringed seals exhibited similar diving behaviour relative to
environmental contexts across the Arctic. Travelling behaviour in the horizontal and
vertical dimension is energetically costly, thus air-breathing marine species should
concentrate their diving to particular depths when foraging. Optimal foraging theory
predicts that animals should maximize energy intake while minimizing the amount of
time searching for and handling prey (MacArthur and Pianka 1966). Air-breathing marine
species are central place foragers whereby they must locate and capture prey in a three
dimensional environment while returning back to the surface to meet their oxygen
demands (Bestley et al. 2015). Across all locations, CV dive depth of ringed seals was
lower when foraging than when traveling or searching for a prey patch, suggesting
optimal foraging and lower energy expenditure by the active pursuit and handling of
preferred prey at particular depths. Thus, locations where ringed seals were in an R/F
state and dove to particular depths may be an indication of areas of higher biological
productivity across the Arctic, which is largely unknown. Adults from Sanikiluaq showed
less variability in dive depths and dove more frequently when foraging than subadults,
most likely due to increased foraging experience in accessing and utilizing most
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profitable prey patches at certain depths. Ringed seals are generally pelagic, near-shore
consumers (Yurkowski et al. in press) and dove to shallower depths when foraging than
when traveling at most locations, except in the Amundsen Gulf where consumption of
deeper water and benthic prey occurs (Brown et al. 2014b). Ringed seals across all
locations utilized the sea floor when foraging, however this relationship was likely an
artefact of ringed seals being close to shore at most location estimates.
Spatial behaviour variability and environmental variation
Ringed seals inhabiting higher stochastic environments and areas of shorter icefree season length at higher latitudes increased behavioural variability and spent less time
foraging than individuals at lower latitudes, which were less stochastic inter-annually and
had a longer open-water period. The seasonal periodicity of insolation and sea ice of the
Arctic drives peak primary productivity triggering higher biological productivity during
the open water period (Walsh 2008). Consumers have knowledge of their surroundings
and respond to prey densities by changing their behaviour where in stochastic patch
systems, consumers must adjust to the spatial patterning of prey and increase their search
radius (Fauchald 1999). Notably, Antarctic fur seal (Arctocephalus gazella) foraging
behaviour varied inter-annually by increasing their time spent searching for krill patches
between foraging bouts in response to the yearly variability in the spatial distribution of
krill (Boyd 1996). In our study, ringed seals had higher behavioural variability at higher
latitudes by traveling more frequently between habitat patches, which is a possible
response to increased inter-annual variability in sea ice dynamics affecting phytoplankton
production and distribution which then propagates up the food web to the abundant, yet
ephemeral distribution of Arctic cod (Welch et al. 1992). Since the 1990’s, Arctic cod are
believed to be declining in abundance at low- and mid-Arctic latitudes based on the
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replacement by Capelin (Mallotus villosus) and Sand lance (Ammodytes sp.) in the diets
of marine consumers (Gaston et al. 2003). As a result, ringed seals inhabiting northwest
Greenland and lower latitudes remained resident throughout the open water period likely
due to less-dispersed prey patches caused by more inter-annual synchronicity in
environmental conditions and increased prey species richness.
Interference competition
Species compete for limiting resources which are influenced by abiotic and biotic
factors and whose abundance varies spatially and temporally leading to intraspecific
competition for resources and unequal competitive ability whereby larger individuals are
competitively superior to smaller ones (Amarasekare 2003). However, there can be
exceptions where the distribution of unequal competitors can be mixed (Pilfold et al.
2014), or in central-place foragers that take long foraging trips, larger, older individuals
are more likely to move to distant foraging patches than younger ones (Austin et al.
2004). Here, when intra-specific competition for resources was highest (i.e. during the
ice-free season), larger, older ringed seals had lower behavioural variability and remained
in an R/F state within a habitat patch more often than their smaller conspecifics. Smaller,
younger individuals who likely have less foraging experience traveled more often
between habitat patches providing support for competitive asymmetry via interference
competition. This competitive asymmetry is known to occur during the winter and spring
breeding season when ringed seals aggressively defend territories underneath shore-fast
ice (Smith and Hammill 1981), but not during the open water period. Thus, larger, older
resident ringed seals competitively exclude younger, smaller individuals from higherquality foraging and breeding habitats that likely have higher prey fish encounter rates
and more energetically profitable prey fish throughout all seasons.
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Competitive exclusion by body size can promote partial migration, where
populations consist of resident individuals occupying a single habitat and individuals
migrating between habitats which have been documented in birds, fish and mammals
(Chapman et al. 2011). A high amount of inter-individual variation in behavioural
strategies ranging from strong resident to more transitory individuals occurred in ringed
seals from Resolute, Amundsen Gulf and Saglek Bay. Collectively, ringed seals at these
locations likely partition habitats throughout the year leading to different foraging
strategies possibly to reduce competition in feeding areas for shared resource types, such
as forage fish.
Conclusion
Across the latitudinal range of a marine carnivore, we highlight: (1) the dissimilar
influences of environmental variables on ringed seal foraging behaviour due to varying
resource abundances and distribution across space, (2) the similar influences of diving
behaviour on foraging behaviour of ringed seals as a result of optimal foraging, (3) the
effect of higher inter-annual variability in sea ice dynamics with latitude increasing
variability in ringed seal foraging behaviour, and (4) where larger, older individuals were
resident and remained in a presumed foraging patch more often than smaller, younger
conspecifics which supports the competitive exclusion via interference competition
hypothesis. These findings support behavioural plasticity as a species to both predictable
and stochastic surroundings suggesting a behavioural adjustment as a response to local
environmental factors. This in turn, sheds light on the ecological implications in how
animals perceive, move, behave and adapt to different environmental contexts through
space and time which ultimately affect ecosystem structure and function.
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Table 5.1. Summary of ringed seal satellite telemetry data by age-class across locations
from 1999-2013.
Tag
duration ±
SD (days)
169 ± 98
103 ± 24

Movement
rate ± SD
(km*day-1)
10 ± 5
14 ± 7

Time spent
resident/foraging
± SD (%)
100 ± 0
98 ± 2

Location
Melville Bay

n
7
3

Year
2011
2011

Ageclass
Adult
Subadult

Resolute

2
5

2013
2012-2013

Adult
Subadult

146 ± 137
90 ± 88

25 ± 14
29 ± 16

63 ± 43
50 ± 27

Amundsen Gulf

13
10

1999-2010
1999-2010

Adult
Subadult

130 ± 24
91 ± 48

33 ± 12
46 ± 15

66 ± 25
24 ± 22

Igloolik

1
5

2009
2009

Adult
Subadult

89
175 ± 117

24
19 ± 6

69
76 ± 14

Sanikiluaq

20
51

2006-2012
2006-2012

Adult
Subadult

145 ± 79
128 ± 53

19 ± 9
22 ± 8

85 ± 22
72 ± 23

Saglek Bay

2
11
45
85
130

2008-2011
2008-2011

Adult
Subadult
Adult
Subadult
All

158 ± 16
135 ± 74
139 ± 69
123 ± 63
129 ± 65

20 ± 10
22 ± 10
22 ± 12
25 ± 13
24 ± 13

94 ± 9
88 ± 12
81 ± 24
68 ± 29
72 ± 28

Total
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Table 5.2. Covariates used to model ringed seal behavioural state in relation to the environment and diving across locations. SIC: Sea
ice concentration, MD: Mean maximum dive depth, CV: coefficient of variation

Parameters
Distance to shore (km)

Resolute
range
0 - 313

Melville Bay
range
0 - 123

Chlorophyll-a (mg*m-3)
SIC (%)
Bathymetry (m)
MD (m)
CV dive depth
Number of dives
Dive index

0 - 0.95
0 - 100
1 - 2350
4 - 342
0 - 3.03
1 - 180
0-1

0 - 0.49
0 - 100
0 - 823
2 -219
0 - 2.89
1 - 200
0-1

Amundsen Gulf Igloolik Sanikiluaq
range
range
range
0 - 312
0 - 107
0 - 278
0 - 5.60
0 - 100
1 - 3164
8 - 500
0 - 2.09
3 - 604
0-1

178

0 - 3.48
0 - 100
0 - 357
5 - 296
0 - 2.35
1 - 437
0-1

0 - 49.39
0 - 100
0 - 441
4 - 193
0 - 4.36
1 - 628
0-1

Saglek Bay
range
0 - 87

Data source
-

0 - 63.27
0 - 83
0 - 846
4 - 179
0 - 2.14
2 - 777
0-1

MODIS-aqua data
(SSM/I) passive microwave data
GEBCO bathymetry charts
-

Table 5.3. Mean ± SE parameter estimates from generalised linear mixed models predicting ringed seal behavioural state relative to
environmental and dive covariates across sampling locations. Bold parameter values indicate significance at the 0.05 level. SE:
Standard error.
Parameters
Intercept
Age class
Distance to shore
Chlorophyll-a
Sea ice concentration
Arctic oscillation
Mean maximum dive depth
CV dive depth
Number of dives
Dive index
Age class*Sea ice concentration
Age class*Chlorophyll-a
Age class*CV dive depth
Age class*Number of dives
Age class*Arctic oscillation
Random effects
ID estimated variance ± SE
Julian date estimated variance ± SE

Resolute
0.780 ± 0.518
2.402 ± 0.692
-3.686 ± 1.002
0.413 ± 0.271
-0.010 ± 0.003
-1.265 ± 0.314
0.005 ± 0.005
2.412 ± 0.380
-2.378 ± 0.629

Amundsen Gulf
-1.007 ± 0.548
1.606 ± 0.543
-0.008 ± 0.003
-0.064 ± 0.153
2.599 ± 0.501
-0.558 ± 0.206
0.002 ± 0.001
-0.485 ± 0.247
0.002 ± 0.001
1.090 ± 0.283
-4.110 ± 0.695
-

Igloolik
1.992 ± 0.468
2.158 ± 0.647
0.004 ± 0.006
-1.008 ± 0.231
-0.083 ± 0.273
0.313 ± 0.245
-0.019 ± 0.003
-1.262 ± 0.285
-0.001 ± 0.001
1.674 ± 0.323
-0.107 ± 0.701
0.376 ± 0.477

Sanikiluaq
1.722± 0.137
0.578 ± 0.203
-0.008 ± 0.001
-0.062 ± 0.014
1.245 ± 0.119
0.341 ± 0.077
-0.023 ± 0.001
-0.603 ± 0.085
-0.001 ± 0.001
1.219± 0.110
-0.476 ± 0.205
0.003 ± 0.001
-

Saglek Bay
3.065 ± 0.430
-0.088 ± 0.013
-0.050 ± 0.023
-3.994 ± 0.793
0.757 ± 0.293
-0.018 ± 0.004
-0.911 ± 0.285
1.412 ± 0.276
-

23.55 ± 4.85
0.00058 ± 0.024

46.33 ± 6.81
0.0007 ± 0.0278

9.69 ± 3.11
0.00025 ± 0.016

0.08 ± 0.29
0.00003 ± 0.005

78.78 ± 8.88
0.001 ± 0.032
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Fig. 85.2. Location estimates of ringed seals with an associated probability (0 – 1) of being in a
resident/foraging mode (Pr(R/F)) across the Arctic. Red locations indicate R/F behaviour while
blue locations infer traveling behaviour.
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Fig. 5.3. Relationships of CV of behavioural state and time spent foraging (%) for all ringed seal
individuals by location relative to CV of ice-free season length (a, c) and mean ice-free season
length (b, d). Linear regression lines are only provided for statistically significant relationships
where the gray band represents the 95% confidence interval. The legend in panel (a) corresponds
to all other panels. AG: Amundsen Gulf; IG: Igloolik; MB: Melville Bay; RS: Resolute; SB:
Saglek Bay; SQ: Sanikiluaq
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Supplementary material
Table S5.1. Morphometric, tracking duration and distances traveled for each ringed seal in this study from 1999-2013. Total distance
was estimated by the total tracking period for each individual. Movement rate and time spent in resident/foraging (R/F) state were
only calculated during the ice-free season (ice concentration <50%) in the summer and fall.

ID
Resolute
107832
107833
107834
107836
107838
107839
107840
Melville Bay
34954
34963
110302
110303
110304
110305
110306
110314

Deployment
date
(mm/dd/yyyy)

Last
transmission
date
(mm/dd/yyyy)

Tag
duration
(days)

Total
distance
(km)

Movement
rate
(km*day-1)

Time spent
R/F ± SD
(%)

Tag type

Age class

Standard
length
(cm)

SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x

Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Adult

75
110
117
96
109
101
120

7/31/2012
9/5/2013
9/25/2012
8/30/2013
9/21/2012
8/28/2013
9/5/2013

3/27/2013
10/24/2013
10/23/2012
11/27/2013
10/10/2012
9/11/2013
5/6/2014

238
49
28
90
20
73
243

4724
636
365
3620
193
3405
11856

33
16
13
40
10
47
35

36
86
91
42
61
21
39

SMRU-CTD
SMRU-CTD
WC-MK10
WC-MK10
WC-MK10
WC-MK10
WC-MK10
WC-SPOT5

Adult
Adult
Subadult
Subadult
Subadult
Adult
Adult
Adult

120
115
103
91
105
110
94
113

9/6/2011
9/7/2011
9/4/2011
9/4/2011
9/6/2011
9/6/2011
9/6/2011
9/7/2011

5/14/2012
5/10/2012
1/13/2012
11/30/2011
12/6/2011
4/26/2012
5/22/2012
11/27/2011

251
246
131
87
91
233
259
81

2299
2150
1329
2441
881
612
706
389

8
9
18
19
6
12
5
4

100
99
98
96
100
99
100
100
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110315
110316
110317
Amundsen Gulf
5056*
5056a
5092*
5092a
5092-1*
11747*
11747a
21212*
23526
23527*
23527a
23528*
23528a
23529*
23529a
44391
44392
44393
44395
44396
44397
44399
44400

WC-SPOT5
WC-SPOT5
WC-SPOT5

Adult
Adult
Adult

112
120
111

9/9/2011
9/9/2011
9/9/2011

11/7/2011
11/3/2011
11/10/2011

59
55
62

1125
375
1144

16
7
18

100
100
100

WC-SLTDR-16
WC-SLTDR-10
WC-SLTDR-16
WC-SLTDR-10
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-10
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Adult
Subadult
Adult
Subadult
Subadult
Subadult
Adult
Adult
Subadult
Adult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Subadult
Subadult
Adult
Adult
Adult
Adult

100
127
108
132
91
110
104
115
120
88
110
102
100
110
111
121
130
104
116
126
136
134
126

9/19/2001
6/20/1999
9/16/2001
6/8/1999
9/6/2002
9/16/2001
7/1/1999
9/16/2001
7/19/2000
9/6/2002
7/17/2000
9/6/2002
7/16/2000
9/6/2002
7/16/2000
7/9/2010
7/6/2010
7/4/2010
7/10/2010
7/6/2010
7/6/2010
7/6/2010
7/10/2010

9/30/2001
11/13/1999
10/23/2001
11/4/1999
10/29/2002
11/12/2001
11/27/1999
11/24/2001
11/9/2000
12/31/2002
12/3/2000
12/30/2002
11/2/2000
11/7/2002
10/27/2000
11/25/2010
12/9/2010
11/29/2010
11/28/2010
11/15/2010
11/29/2010
11/7/2010
11/29/2010

11
146
37
149
53
57
149
69
113
116
139
115
109
62
103
139
156
148
141
132
146
124
142

136
1812
2757
3721
2756
2295
3901
2180
3064
5017
2749
3636
3348
3971
3456
4020
5206
5687
4756
6111
6302
2239
3975

31
12
75
25
42
54
27
54
29
49
23
38
31
64
34
33
36
42
39
46
51
18
31

0
94
17
71
7

184

4
58
6
87
21
69
29
24
6
35
82
41
67
33
50
58
77
64

44402
Igloolik
94529
94531
94532
94533
94538
94540
Sanikiluaq
39374
39379
39380
39383
39384
39385
42999
43000
43001
43002
43835
43836
43837
43838
43842
43843
43845
43847

WC-SPLASH

Adult

117

7/5/2010

11/15/2010

133

4111

31

93

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Subadult
Subadult
Subadult
Adult
Subadult

119
113
89
86
121
99

7/22/2009
7/22/2009
7/21/2009
7/21/2009
7/24/2009
7/21/2009

3/29/2010
5/9/2010
8/7/2009
10/16/2009
10/21/2009
3/7/2010

250
291
17
87
89
229

2924
2792
128
2453
2097
5932

18
13
28
24
18

81
91
57
69
75

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPOT5
WC-SPOT5
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x

Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Subadult

122
82
105
89
89
78
89
113
109
75
108
103
102
98
118
104
118
103

9/10/2007
9/10/2007
9/9/2007
9/17/2007
9/17/2007
9/10/2007
9/11/2006
10/2/2006
9/15/2006
9/12/2006
10/17/2010
8/21/2010
8/24/2010
8/22/2010
10/19/2010
10/16/2010
8/21/2010
10/20/2010

12/9/2007
12/31/2007
12/12/2007
12/8/2007
11/29/2007
12/8/2007
6/4/2007
12/17/2006
1/20/2007
1/5/2007
2/9/2011
1/22/2011
12/15/2010
1/23/2011
1/26/2011
10/30/2010
4/24/2011
4/6/2011

90
112
94
82
73
89
266
76
127
115
115
154
113
154
99
14
246
168

1075
2519
1600
1457
1938
2834
5604
988
1524
4435
3160
2907
3008
1682
1744
350
2640
3787

12
22
17
19
27
32
22
13
12
42
32
19
25
11
18
24
12
37

99
20
99
90
85
46
74
100
98
14
45
86
60
91
93
97
97
60

185

43851
43852
43853
43857
43858
43864
43865
43867
57265
60485
60486
60488
60489
77974
77975
83982
83983
83983a
83984
83985
83986
83987
83988
83989
83990
94526
94527

SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Adult
Adult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult

116
100
99
101
98
74
112
98
99
105
122
97
105
91
119
120
112
104
86
88
135
132
102
89
153
103
121

8/22/2010
8/22/2010
8/22/2010
8/21/2010
8/21/2010
10/19/2010
10/18/2010
8/21/2010
9/14/2006
9/13/2006
9/10/2006
9/15/2006
9/10/2006
9/14/2007
9/23/2007
9/1/2008
9/5/2008
9/3/2008
9/26/2008
9/11/2008
9/3/2008
9/1/2008
10/13/2008
9/2/2008
9/11/2008
8/9/2009
8/9/2009
186

2/10/2011
1/19/2011
1/17/2011
3/10/2011
12/31/2010
12/16/2010
1/17/2011
4/4/2011
1/23/2007
1/8/2007
12/14/2006
1/8/2007
1/9/2007
12/10/2007
12/11/2007
12/14/2008
12/12/2008
1/10/2009
12/23/2008
12/16/2008
12/17/2008
12/31/2008
12/17/2008
12/12/2008
1/9/2009
4/21/2010
3/30/2010

172
150
148
201
132
58
91
226
131
117
95
115
121
87
79
104
98
129
88
96
105
121
65
101
120
255
233

3799
2778
1979
3661
2173
2049
2349
452
2324
2454
1794
2067
2578
1458
1182
1341
1449
2322
868
824
1859
736
777
1643
951
3931
2241

24
19
13
21
16
37
26
18
22
19
18
23
17
15
13
15
10
9
18
7
12
16
8
18
11

69
94
91
88
90
45
88
92
99
98
79
61
86
91
100
100
95
97
98
78
99
89
91
98
64
96

94528
94530
94535
94536
94537
94539
106373
106384
106385
106387
106388
116482
116483
116484
116485
116486
116487
116488
116489
116490
116491
116492
116493
116494
116495
116496
Saglek Bay

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x

Adult
Subadult
Subadult
Adult
Adult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Adult

113
74
91
102
95
89
105
89
104
104
104
96
81
99
102
98
77
101
78
82
80
99
90
106
92
104

8/9/2009
8/1/2009
8/1/2009
8/24/2009
8/9/2009
8/1/2009
10/30/2011
10/29/2011
10/28/2011
10/29/2011
10/29/2011
10/29/2012
10/25/2012
10/29/2012
10/29/2012
10/24/2012
10/28/2012
10/29/2012
10/25/2012
10/29/2012
10/25/2012
10/26/2012
10/29/2012
10/23/2012
10/23/2012
10/23/2012

187

4/9/2010
2/5/2010
2/5/2010
2/12/2010
4/28/2010
12/29/2009
6/5/2012
12/29/2011
2/11/2012
4/4/2012
2/3/2012
5/21/2013
4/23/2013
4/28/2013
11/23/2012
5/17/2013
11/27/2012
1/6/2013
3/4/2013
1/14/2013
2/5/2013
12/3/2012
4/5/2013
12/29/2012
6/12/2013
1/12/2013

243
188
188
172
262
150
219
61
106
158
97
204
180
181
25
205
30
69
130
77
103
38
158
67
232
81

2200
5167
4068
1291
2914
2095
2856
1174
1545
2765
1710
3347
2862
2948
884
2643
947
883
2542
2288
2883
1546
3636
978
4063
2349

12
30
26
10
19
14
23
20
15
25
22
28
21
26
35
23
32
16
21
41
31
41
28
15
24
30

97
36
42
99
78
82
60
80
91
72
73
31
82
64
27
73
16
80
83
26
54
41
48
80
66
69

44428
44429
83865
83866
83964
83965
83973
83975
83976
83977
83978
83979
83980

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Adult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult

128
90
96
91
124
95
95
94
96
113
91
83
90

8/11/2011
8/13/2011
9/1/2010
9/1/2009
8/14/2008
9/2/2010
9/3/2009
9/1/2009
8/19/2008
9/2/2010
9/1/2010
9/1/2010
8/11/2008
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1/27/2012
12/15/2011
1/15/2011
10/12/2009
1/7/2009
1/25/2011
12/1/2009
10/21/2009
10/25/2008
6/3/2011
3/6/2011
4/20/2011
12/31/2008

169
124
136
41
146
145
89
50
67
274
186
231
142

4154
1187
1931
1509
1718
4374
1910
670
676
7162
3013
3621
2711

27
10
14
37
13
30
28
13
10
26
14
37
19

87
100
89
63
100
71
85
96
99
97
97
86
83

Table S5.2. Depth intervals by bin for each transmitter type deployed on ringed seals in this study.
Transmitter type
WC-SLTDR

Bin 1

Bin 2

Bin 3

Bin 4

Bin 5

Bin 6

Bin 7

Bin 8

Bin 9

Bin 10

Bin 11

Bin 12

Bin 13

Bin 14

0-4

4-10

10-20

20-40

40-80

80-100

100-150

150-200

200-300

>300

-

-

-

-

1

0-4

4-10

10-20

20-40

40-80

80-100

100-150

150-200

200-300

300-500

500-700

700-800

800-900

>900

WC-SPLASH2

0-4

4-10

10-20

20-30

30-40

40-50

50-60

60-80

80-100

100-140

140-180

180-220

220-300

>300

WC-MK10
0-4
4-10
10-25 25-50 50-75 75-100 125-150 150-175 175-200 200-300 300-400 400-500 500-600
1
represents Wildlife Computer transmitters deployed in Amundsen Gulf
2
represents Wildlife Computer transmitters deployed in Igloolik, Sanikiluaq and Saglek Bay
Dive depths for SMRU-9000x transmitters were binned at every 4m up to 942m. The SMRU-CTD transmitters were binned every 2m up to 950m.

>600

WC-SPLASH
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Table S5.3. Generalized linear mixed-models predicting behavioural state as a function
of biometric, environmental and dive covariates ranked by AICc at each location for
ringed seals deployed with satellite telemetry transmitters from 1999-2013. Marginal and
conditional- R2 estimate the relative fit of each model to the data. k: number of
parameters, Wi: Akaike weights of each model, AC: age-class; DS: distance to shore,
CA: chlorophyll-a; SIC: sea ice concentration, AO: Arctic oscillation phase, MD: mean
maximum dive depth, CVD: CV dive depth, ND: number of dives, DI: dive index, JD:
Julian date, ID: Individual number. Null represents the null model with only the random
effects.
Model

wi

marginal
r2

conditional
r2

0

0.38

0.22

0.74

0.5

0.29

0.20

0.75

1.2

0.21

0.21

0.76

k

AICc

i

11

627.9

12

628.4

Resolute
AC + CA + SIC + CVD + ND +
DI + AC*SIC + (JD|ID)
AC + DS + CA + SIC + CVD +
ND + DI + AC*SIC + (JD|ID)
AC + CA + SIC + CVD + DI +
(JD|ID)

10

629.1

AC + DS + CA + SIC + CVD +
ND + DI + AO + AC*SIC +
(JD|ID)

13

630.3

2.4

0.11

0.19

0.75

NULL

4

728.1

100.2

0.00

0.00

0.64

19

1789.6

0

0.18

0.17

0.49

AC + DS + SIC + MD + CVD +
ND + DI + AO + AC*DS +
AC*SIC + AC*DI + AC*AO +
(JD|ID)

16

1789.6

0

0.18

0.17

0.48

AC + DS + SIC + MD + DI +
AO + AC*DS + AC*SIC +
AC*DI + AC*AO + (JD|ID)

14

1789.7

0.03

0.18

0.17

0.45

AC + DS + SIC + MD + CVD +

15

1790.1

0.45

0.15

0.18

0.45

Amundsen Gulf
AC + DS + CA + SIC + MD +
CVD + ND + DI + AO +
AC*DS + AC*CA + AC*SIC +
AC*CVD + AC*DI + AC*AO +
(JD|ID)
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DI + AO + AC*DS + AC*SIC +
AC*DI + AC*AO + (JD|ID)
AC + DS + CA + SIC + MD +
CVD + ND + DI + AO +
AC*DS + AC*CA + AC*SIC +
AC*CVD + AC*ND + AC*DI +
AC*AO + (JD|ID)

20

1790.3

0.69

0.13

0.19

0.44

AC + DS + CA + SIC + MD +
CVD + ND + DI + AO +
AC*DS + AC*CA + AC*SIC +
AC*CVD + AC*ND + AC*AO
+ (JD|ID)

19

1790.5

0.91

0.12

0.17

0.46

AC + DS + CA + SIC + MD +
CVD + ND + DI + AO +
AC*DS + AC*CA + AC*SIC +
AC*MD + AC*CVD + AC*ND
+ AC*DI + AC*AO + (JD|ID)

21

1792.1

2.52

0.05

0.18

0.45

AC + DS + SIC + MD + CVD +
ND + DI + AO + AC*DS +
AC*CA + AC*SIC + AC*DI +
AC*AO + (JD|ID)

17

1796.1

6.48

0.01

0.20

0.43

NULL

4

1891.7

102.1

0.00

0.00

0.48

AC + CA + MD + CVD + ND +
DI + AO + AC*MD + (JD|ID)

12

1189.4

0.0

0.82

0.17

0.41

AC + CA + SIC + MD + CVD +
ND + DI + AO + AC*MD +
(JD|ID)

14

1192.9

3.5

0.14

0.22

0.32

AC + DS + CA + MD + CVD +
ND + DI + AO + AC*MD +
(JD|ID)

13

1195.7

6.3

0.04

0.24

0.27

CA + MD + CVD + DI + AO +
(JD|ID)

9

1237.7

48.4

0.00

0.17

0.33

CA + MD + CVD + DI +
(JD|ID)

8

1241.2

51.8

0.00

0.16

0.33

CA + MD + CVD + ND + DI +
AO + (JD|ID)

10

52.2

0.00

0.18

0.29

NULL

4

1338.9

149.6

0.00

0.00

0.01

AC + DS + CA + SIC + MD +
CVD + ND + DI + AO + (JD|ID)

13

9677.24

0

0.78

0.12

0.37

AC + DS + CA + SIC + MD +
CVD + DI + AO + (JD|ID)

12

9679.78

2.54

0.22

0.12

0.38

NULL

4

10239.9

562.67

0.00

0.00

0.38

Igloolik

1241.5

Sanikiluaq
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Saglek Bay
DS + SIC + MD + CVD + DI +
AO + (1|TY)+ (JD|ID)

11

1359.8

0.0

0.49

0.10

0.80

12

1360.6

0.8

0.33

0.15

0.67

13

1361.9

2.0

0.18

0.14

0.72

DS + CA + SIC + MD + CVD +
DI +AO + (1|TY) + (JD|ID)

12

1376.0

16.2

0.00

0.19

0.59

NULL

5

1594.4

234.6

0.00

0.00

0.91

DS + SIC + MD + CVD + ND +
DI +AO + (1|TY) + (JD|ID)
DS + CA + SIC + MD + CVD +
ND + DI +AO + (1|TY) +
(JD|ID)
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Chapter 6: Extrinsic mechansims have a stronger influence than intrinsic
mechansisms on the horizontal and vertical space use of ringed seals (Pusa hispida)
across the Arctic
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Introduction
Animals move across varying spatial gradients and environmental conditions
where decisions of space use by individuals affect their foraging, predatory avoidance
and mating behaviour (Greenwood 1980; Bowler and Benton 2005). These movement
decisions have significant ecological implications for the spatial and temporal structuring
of species distribution and abundance, habitat selection, predator-prey interactions and
overall population, community and ecosystem dynamics (Nathan et al. 2008). Daily,
monthly, seasonal or yearly movements of an animal can be characterized into discrete
home ranges that encompass all types of behaviours for an animal to survive, breed and
care for young (Burt 1943, Borger et al. 2008). Variation in home range size within and
among taxa is in turn related to a combination of intrinsic mechanisms, such as body
mass, thermoregulation, movement rates, trophic guild, energetic state, sex and age, and
extrinsic mechanisms including foraging dimension (i.e. two and three dimensional
environments), habitat productivity, environmental stochasticity and latitude (McNab
1963; Harestad and Bunnell 1979; Lindstedt et al. 1986; Gompper and Gittelman 1991;
Haskell et al. 2002; Borger et al. 2006; van Beest et al. 2011; Tamburello et al. 2015).
The spatio-temporal dynamics (i.e. patch size and seasonality) of resource quality,
abundance and distribution across heterogeneous landscapes is a primary driver of
variation in the spatial organization, home range size and behaviour of a species
(McLoughlin and Ferguson 2000; Haskell et al. 2002). For example, using latitude as a
proxy for ecological productivity, home range size is typically higher for mammalian
herbivores, omnivores and carnivores inhabiting more northerly latitudes than their
conspecifics at more temperate latitudes as a response to resource distribution (Linstedt et
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al. 1986; Gompper and Gittleman 1991). As well, the home range sizes for brown bears
(Ursus arctos) and polar bears (Ursus maritimus) are lower in areas of higher
environmental synchronicity in resource availability (i.e. seasonality) than areas of higher
seasonality (Ferguson et al. 1999; McLoughlin and Ferguson 2000). Similarly, variation
in climatic factors throughout the year such as photoperiod, ambient temperature, and
precipitation increased or decreased the home range size of moose (Alces alces; van
Beest et al. 2011), roe deer (Capreolus capreolus; Börger et al. 2006) and red deer
(Cervus elaphus; Rivrud et al. 2010). Likewise, seasonal changes in the distribution of
resources affect territorial behaviour and level of aggression in small mammals when the
costs of range expansion are greater than the costs of resource defense (Wolff 1993).
Overall, these spatial and environmental processes affecting resource dynamics influence
space-use and territoriality among animals where individuals aggressively defend a
particular area of limiting resources (Brown and Orians 1970). Thereby, relatively larger
or older individuals are usually competitively superior to smaller and younger individuals
in acquiring resources thus disperse less and have more restricted home ranges (Linstedt
et al. 1986).
The arctic marine ecosystem is characterized by seasonal periodicity of insolation,
and high annual fluctuations and extreme seasonality in the magnitude of sea ice extent
which drives peak primary production into a short time period during summer (Walsh
2008; Arrigo and van Dijken 2011). This, in turn, affects prey resource distribution and
density, and the benthic and pelagic energy compartments through time, which then
propagate up the food web to mobile top predators thus affecting their horizontal and
vertical space-use patterns (McMeans et al. 2015). Because swimming and diving are
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energetically costly for marine mammals, it benefits individuals to concentrate on prey
patches at particular depths for a limited amount of time; consequently, spatial and
temporal variations in dive behaviour are likely a response to resource distribution
throughout the water column (Bestley et al. 2015). Here, we examine the influence of the
seasonality in sea ice dynamics, latitude, longitude, and intrinsic factors such as age class
and body size on the dive behaviour and home range size of a mobile near-top trophic
level predator, the ringed seal (Pusa hispida), across a large temporally dynamic seascape
– the Arctic. Few studies have examined the horizontal and vertical space use patterns of
a marine carnivore inhabiting a seasonally extreme environment relative to several
extrinsic and intrinsic mechanisms across a large latitudinal and longitudinal scale.
Results will provide insight into the spatio-temporal dynamics of space patterns for
mobile marine carnivores, as the majority of studies have examined these patterns in
terrestrial ecosystems.
Ringed seals are an abundant, sexually monomorphic arctic marine mammal
which have a circumpolar distribution and whose life-history has been strongly shaped by
the extreme seasonality of sea ice dynamics (McLaren 1958; Smith 1987). Their prime
breeding habitat is typically stable land-fast ice over the continental shelf along Arctic
coasts and bays (Smith and Stirling 1975), although breeding on pack-ice does occur in
the spring (Finley et al. 1983). Ringed seals are a key arctic species which provide an
essential link between lower trophic levels (e.g. zooplankton and fish) and the top trophic
level (e.g. polar bears; Smith and Hammill, 1981), thus knowledge of their horizontal and
vertical space use patterns across space and time in the Arctic will provide insight into
arctic spatio-temporal ecosystem dynamics . Ringed seals forage most intensively in the
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productive summer and fall seasons to rebuild lost energy stores from the spring
reproductive and moulting periods for the upcoming winter when resource abundance is
lower (Ryg and Øritsland 1991).
Here, I used a large and extensive long-term ARGOS satellite telemetry data set
of ringed seals to analyse their dive behaviour and home range relative to intrinsic and
extrinsic mechanisms through space. My objectives were three-fold. First, I investigated
the relationship between ringed seal dive behaviour (e.g. maximum dive depth, dive
duration, the coefficient of variation (CV) for dive depth and duration, and number of
dives per 12 hour period – see Methods) and bathymetry, age-class (subadult and adult)
and season (open water versus ice-covered periods) across the Arctic. I hypothesized that
season will explain more variability in dive behaviour than intrinsic factors where ringed
seals will: dive less often, but deeper and for longer durations in the open water period
than the ice-covered period as a response to increased search effort and utilization of prey
during the more productive summer and fall. Second, I investigated the variability in 95%
and 50% home range size in response to extrinsic factors, such as season, phase of the
winter Arctic oscillation, latitude and longitude. I hypothesized that ringed seals will have
more restricted home ranges in winter due to the presence of sea ice and that high-Arctic
ringed seals will have larger home ranges than their conspecifics at more southerly
latitudes as a possible response to a more patchy resource distribution. Third, I
investigated the relationship between age class and 95% and 50% ringed seal home range
sizes. I hypothesized that older, larger ringed seals will have smaller home ranges than
their conspecifics as a result of competitive exclusion and increased foraging experience.
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Materials and methods
Seal capture and instrumentation
A total of 130 ringed seals were captured and deployed with satellite telemetry
transmitters at seven locations across the Arctic with different latitudes ranging from: (1)
Melville Bay (75.75ºN), northwest Greenland, (2) Resolute (74.86ºN), Nunavut, Canada,
(3) Cape Parry (70.14ºN) and (4) Ulukhaktok (70.74 ºN), Northwest Territories, Canada
both encompassing the Amundsen Gulf, (5) Igloolik (69.38ºN), Nunavut, Canada, (6)
Sanikiluaq (56.54ºN), Nunavut, Canada, and (7) Saglek Bay (58.56ºN), Labrador, Canada
in the summer and fall (June to October) from 1999 to 2012 (Fig. 6.1; Table 6.1).
Established methods (see Harwood et al. 2012) were used in seal capture where cotton
and monofilament meshed nets were set perpendicular from shore in shallow water (<8m
depth) and monitored continuously. An age estimate was obtained by counting annuli on
  

  





  

     



      

 

      

 

    

Smith, 1987).

Study sites
The physical environment varies considerably across locations. In western
Greenland, the West Greenland Current travels northward along the coasts and fjords
which consist of the most productive areas in the Arctic due to calving glaciers and the
melting of the Greenland Ice Sheet leading to very high biological productivity (Hansen
et al. 2012). The ocean current and direction of sea ice formation in Barrow Strait, part of
the Northwest Passage which encompasses Resolute, both flow eastward towards Baffin
Bay and in the fall and winter is mainly composed of land-fast ice. The western Arctic
boundary current is a weak current that flows eastward towards the Amundsen Gulf most
of the year, but reverses in the fall (Nikopolous et al. 2009). The Amundsen Gulf is
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composed of land-fast ice during the winter, but a recurrent polynya occurs between
eastern Amundsen Gulf and the Beaufort Sea with sea ice continually moving westward
due to the wind-driven Beaufort Gyre (Rigor et al., 2002). Near Igloolik and Saglek Bay,
ocean currents flow southward along with the direction of sea ice movement during
formation in the fall and winter. In Hudson Bay, the water circulation pattern is counterclockwise and is strongest in eastern Hudson Bay during the fall when sea ice begins to
form (Saucier et al. 2004).
Satellite telemetry transmitters
Satellite telemetry data were obtained via ARGOS satellite telemetry transmitters
including SPOT (location recorders), SLTDR-10 and 16 and SPLASH (location and
time-depth recorders) manufactured by Wildlife Computers (WC; Redmond,
Washington, U.S.A), and conductivity-temperature-depth and 9000x satellite relay data
loggers (location and time depth recorders from Sea Mammal Research Unit (SMRU),
University of St. Andrews, St. Andrews, UK; see Table 1). Locations were estimated by
ARGOS satellites when the seal was at the surface and were assigned a spatial error
quality class ranging from <250m to unknown (3, 2, 1, 0, A, B, Z). Individual dives were
sampled and binned at depths exceeding 4m for the majority of transmitters with timedepth recordings sampling every second for WC transmitters deployed on Melville Bay
seals, every 10 seconds for all other WC transmitters, and every 4 seconds on the SMRU
transmitters (see Table S6.1 and S6.2 in Supplementary materials for depth and duration
bin intervals of each transmitter type). The pressure transducer had a resolution of ± 1 m
for WC transmitters and was within 2 dbar for all SMRU transmitters. The satellite
telemetry transmitters deployed in Sanikiluaq were not depth constrained relative to the
other areas as the deepest areas of Hudson Bay are approximately 250m.
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Environmental and dive characteristics
Sea ice concentration (%) data was obtained via a Special Sensor
Microwave/Imager (SSM/I) passive microwave on the DMSP-F13 and DMSP-F17
satellites at a spatial resolution of 25 kilometers in 8-day composite images from the

National Snow and Ice Database Centre (Boulder, Colorado). To determine relationships
between home range size and sea ice dynamics, we obtained weekly regional sea ice
concentration estimates from 1999 – 2013 using Canadian Ice Service’s IceGraph 2.0
Tool (http://iceweb1.cis.ec.gc.ca/IceGraph/page1.xhtml) including Eastern Baffin Bay
(Melville Bay), Eastern Parry Channel (Resolute), the Amundsen Mouth and Gulf
(Ulukhaktok and Cape Parry), Foxe Basin (Igloolik), Eastern Hudson Bay (Sanikiluaq)
and the Northern Labroador Sea (Saglek Bay). Following Stirling et al. (1999), the open
water and ice-covered periods at each study region were defined as seasons when sea ice
  

  0%, respectively. Sea ice concentration values were

extracted at each location estimated by the state-space model (see state-space model
analysis) using a geographic information system (ArcGIS 10.1, Environmental Sciences
Research Institute, Redlands, California). We summarized dive records at every 12 hour
period (see state-space model analysis) for each individual, which included average
maximum dive depth (m) and duration (s), coefficient of variation (CV) of maximum
dive depth (m) and duration (s) and number of dives. I also derived a dive residual
described in Bestley et al. (2015) whether at a given dive depth, dive duration was either
relatively short or longer than expected. A longer dive at a given maximum depth would
indicate increased foraging effort. Dive residuals were calculated by extracting Pearson
residuals from a linear mixed model with a log-log relationship where depth was a fixed
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effect and random slope along with ID as a random intercept allowing the slope and
intercept to vary between individuals.
State-space model analysis
We used Bayesian state-space models (BSSM), which are commonly applied to
animal movement data as a discrete-time correlated random walk and infers unobservable
hidden states from observable data with error (i.e. ARGOS location estimates; Jonsen et
al. 2005). The BSSM is composed of two equations: (1) the transition equation that
describes the movement process, and (2) the observation equation which accounts for the
temporal irregularity of ARGOS locations and observation error (Jonsen et al. 2005). We
used a hierarchical version which runs in discrete and regular time intervals to mitigate
ARGOS transmission irregularity over time and also improves parameter and location
estimation (Jonsen et al. 2006). A time-step of 12h was used for each model which is
common in ice-covered environments (Bestley et al. 2013) and standardizes location
estimates through time to provide a more robust home range analysis (see home range
analysis section). Prior to running the hierarchical BSSMs, ringed seals were classified
into distinct groupings by location, age-class and year captured. The SSM was
implemented using the package bsam v0.44 (Jonsen et al. 2013) in R v3.1.3 (R
Development Core Team, 2015) by running Markov Chain Monte Carlo (MCMC)
methods using Just Another Gibbs Sampler (JAGS). Two MCMC chains were run for
30,000 iterations with a 20,000 sample burn-in and thinned every 10 samples leaving
every 10th sample from the remaining 10,000 for parameter estimation. Temporal
autocorrelation was assessed visually via trace and autocorrelation plots and then chain
convergence was estimated by Gelman and Rubin’s potential scale reduction factor
which was < 1.1 for all parameters.
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Home range analysis
The 12-hr interval location estimates via the hierarchical BSMM were used to
calculate 95% and 50% utilization distributions (i.e. home ranges) for each individual in
the open water (<50% sea ice concentration) and ice-   





concentration) periods using the Brownian bridge kernel estimation method, implemented
in the R package adehabitatHR v0.4.13 (Calenge 2015). The Brownian bridge movement
model provides a more robust estimation of home range size for species that can travel
long distances than other methods by incorporating a temporal structure to the tracking
data to model the movement path (Horne et al. 2007). The two smoothing parameters
were: (1) related to the displacement distance between consecutive locations which was
30m similar to Brown et al. (2014) for ringed seals, and (2) uncertainty in the location
estimates (1km) from the state space model. The grid size was 1 x 1 km.
Statistical analysis
Linear mixed models (LMM) with a Gaussian structure and identity link via the
package nlme v3.1-121 (Pinheiro et al. 2015) in R were used to first investigate
relationships between dive parameters and bathymetry, season, age class and all possible
two-way interactions. The LMM analyses were conducted for each location separately to
examine which parameters similarly explained ringed seal diving patterns across the
Arctic while also accounting for the potential confounding effects of location. The
response dive parameters included mean maximum dive depth, CV dive depth, mean dive
duration, CV dive duration, dive residual and number of dives. These response variables
were log-transformed for normality. Tagging year and sample ID were included as
random effects. Optimal random effect structures were determined at each study location
using maximum likelihood ratio tests model ( 2) on the null model. At most locations,
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except for Melville Bay and Igloolik where all individuals were captured within the same
year, the best random effect structure included tagging year and sample ID intercept
terms. A first-order autoregressive function (corAR1) was incorporated into each model
to account for temporal autocorrelation in the dive data. The inclusion of interactions
caused high collinearity (variance inflation factor > 3.0) between all predictor variables in
all GLMMs, so were removed.
We followed the backwards-step model selection approach described in Zuur et
al. (2009) beginning with the full model at each location. Model selection was guided by
Akaike’s Information Criterion for small sample sizes (AICc; Burnham and Anderson
2002

    



 

)

was used to select the most parsimonious

model using MuMIn v1.15.1 (Bartón 2015) in R. The best fit models were visually
assessed for normality and heteroscedasticity of the residuals using normal quantile–
quantile plots and residual-fitted value plots, respectively. Model fit was also assessed by
calculating the marginal R2 (proportion of variance explained by fixed effects) and
conditional R2 (proportion of variance explained by fixed and random effects) using the R
package MuMIn.
To test the effects of environmental and biotic parameters on 95% and 50% home
range size, I used two separate linear mixed models. Fixed effects included age-class,
season, latitude, longitude, phase of the winter Arctic Oscillation (AO), and mean
maximum dive depth at each study location. The optimal random effects structure
included both tagging year and Sample ID as random intercepts. Only individuals where
home range size estimates from both seasons were included in the analyses. To improve
normality and homoscedasticity, 95% and 50% home range sizes for both seasons were
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log-transformed. For all significance tests,

was set to 0.05. A Bonferroni-corrected

(0.0083) was used to determine differences in the dive behaviour variables between the
six locations.

Results
Across location, the duration of transmitter attachment varied where the mean ±
SD was 141 ± 87 days in Melville Bay, 106 ± 95 days in Resolute, 112 ± 41 days in the
Amundsen Gulf, 161 ± 110 days in Igloolik, 130 ± 60 days in Sanikiluaq and 138 ± 68
days in Saglek Bay (see Table 1 for deployment and last transmission dates). A higher
number of individuals and location estimates were recorded during the open water period
(Fig. 6.2a) than the ice-covered period (Fig. 6.2b). A binomial general linear model with
age class as the dependent variable and standard length as the independent variable
revealed that adults were significantly larger than subadults (slope = 0.11, P < 0.001, R2
= 0.46).
Dive behaviour relative to environmental factors and age
Ringed seals across the Arctic generally dove within 100m from the surface with
the deepest recorded depth of 558m in northern Baffin Bay from an adult tagged in
Resolute (Table 6.2). The majority of dive durations were within 400s (< 7 minutes) but
both adults and subadults from Greenland dove for the longest time, up to 2100s (35
minutes). Across locations, season was generally retained most often in the best fit
models described by AICc that influenced dive behavior variables, followed by
bathymetry and to a much lesser extent, age class (Table 6.3).
Ringed seals dove to deeper depths in the open water period than the ice-covered
period in Resolute, Amundsen Gulf and Igloolik, all of which are generally deeper than
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Hudson Bay, Saglek Bay and Melville Bay (Table 6.3a). Ringed seals in the Amundsen
Gulf, Igloolik, Saglek Bay and Sanikiluaq also dove to deeper depths when in deeper
water depths, regardless of season (Table 6.3a). Ringed seals in resource-rich Melville
Bay displayed more variability in dive depths (CV dive depth) during the open water
period, but showed less variability in the Amundsen Gulf, Igloolik and Sanikiluaq (Table
6.3b). In Saglek Bay, ringed seals had less variability in dive depths at locations of deeper
ocean depths, whereas in Sanikiluaq, ringed seals had more variability in dive depths at
deeper ocean depths (Table 6.3b). Ringed seals from Resolute, Amundsen Gulf, and
Sanikiluaq dove for longer time periods in the open water season, but was reversed in
Greenland (Table 6.3c). Longer dive durations at deeper ocean depths occurred for ringed
seals from Resolute, Amundsen Gulf, Igloolik, Sanikiluaq and Saglek Bay, and adults
dove for longer periods than subadults in Sanikiluaq and Saglek Bay (Table 6.3c). Ringed
seals had less variability in dive durations during the open water period in Resolute,
Amundsen Gulf, Igloolik and Sanikiluaq, and in deeper waters in Saglek Bay and
Sanikiluaq (Table 6.3d). The slope directions for significant variables were generally
consistent for number of dives across locations where ringed seals at most locations,
except in Amundsen Gulf and Saglek Bay, dove more often during the open water season
(Table 6.3e). The dive residual decreased during the ice-covered period in Amundsen
Gulf and Sanikiluaq ringed seals, whereas an increase occurred in Igloolik individuals.
Lower dive residuals occurred at deeper depths for Saglek Bay individuals (Table 6.3f).
Home range size relative to environmental factors and age
The 95% and 50% home ranges during the open water period were highest in the
Amundsen Gulf (95%: 20389 ± 14088 km2; 50%: 3499 ± 2547 km2) and Resolute (95%:
17011 ± 15669 km2; 50%: 2165 ± 1992 km2), and lowest in Melville Bay (95%: 1351 ±
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2166 km2; 50%: 232 ± 406 km2; see Table 6.1 for estimates of all individuals). The 95%
and 50% home ranges were generally similar between Igloolik (95%: 7493 ± 5582 km2,
50%: 842 ± 613 km2) and Sanikiluaq (95%: 5588 ± 6274 km2, 50%: 848 ± 1155 km2),
but were lower in Saglek Bay (95%: 4185 ± 4720 km2, 50%: 317 ± 244 km2). During the
ice-covered period, 95% and 50% home range size was highest in the Amundsen Gulf
(95%: 5442 ± 3062 km2; 50%: 1007 ± 502 km2), and Resolute (95%: 5093 ± 7954 km2;
50%: 571 ± 870 km2), followed by Igloolik (95%: 4412 ± 4615 km2; 50%: 765± 994
km2), Sanikiluaq (95%: 2027 ± 1919 km2; 50%: 306 ± 321 km2), Saglek Bay (95%: 2386
± 1455 km2; 50%: 429 ± 500 km2), and lowest in Melville Bay (95%: 809 ± 625 km2;
50%: 93 ± 92 km2).
The best fit model determined via AICc describing variability in 95% and 50%
ringed seal home range sizes retained the covariates, age-class, season, mean maximum
dive depth and longitude (Table 6.4). The biotic and environmental variables had similar
relationships and slopes with 95% and 50% home ranges (Table 6.5). Older, larger ringed
seals had smaller home ranges than their conspecifics (Table 6.5). Season and longitude
also affected ringed seal home range size, where 95% and 50% home range size
decreased during the ice-covered period and in the more eastward sampling locations
(Fig. 6.3; Table 6.5). Ringed seals that dove deeper also had larger 95% and 50% home
range sizes (Fig. 6.3; Table 6.5). The intercept variance for ID was much higher than the
tagging year intercept variance for both 95% and 50% home range sizes (Table 6.5).

Discussion
This study highlights the influence of extrinsic mechanisms, such as the extreme
seasonality in sea ice dynamics and geographic space on the horizontal space use of
206

ringed seals across the Arctic where 95% and 50% home range sizes were more restricted
in the ice-covered period, and more easterly longitudes. These variables were the
strongest influences on ringed seal home range size likely due to sea ice restricting their
ability for long-range movements and possibly higher ecological opportunity or less prey
dispersion in Melville Bay and Saglek Bay, two of the most easterly study sites. As well,
the factors influencing variability in ringed seal dive behaviour were not consistent across
locations but were mostly driven by the presence of sea ice leading to shallower and
shorter dives, more variability in their dive durations and decreased frequency in the
number of dives. The maximum dive depth registered was 558m which is the deepest
recorded depth for a ringed seal; the previous deepest dive recorded was 500m by an
adult male residing in the eastern parts of the North Water polynya (Born et al. 2004). It
should be noted that the instrument used by Born et al. (2004) had a maximum depth of
500m, so this seal could have dove deeper. In addition, our results indicate competitive
asymmetry via interference competition in ringed seals where older, larger individuals
had smaller home ranges than younger, smaller individuals, thus competitively excluding
them to search over longer distances for other habitat patches.
Dive behaviour with the environment and age/body size
Across locations, ringed seals generally dove to deeper depths in the open water
period than ice-covered period possibly in response to the distribution of prey by
increasing search effort when ringed seals are known to forage more intensively (Ryg and
Øritsland 1991). Air-breathing marine species are constrained by an oxygen balance to
continually surface and breathe between dives; therefore they should generally dive to
certain depths to forage optimally before returning to the surface (Thompson and Fedak
2001). Deeper dives increase time spent in the descent and ascent phases which are
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physiologically more demanding by consuming more oxygen stores, thus would
presumably be related to the vertical spatial patterning of prey to maximize energy intake.
In contrast, increased dive depths during the less productive winter period were observed
in ringed seals inhabiting Svalbard waters (Gjertz et al. 2000), harbour seals (Phoca
vitulina) in Western Hudson Bay (Bajzak et al. 2012), and Sable Island grey seals
(Halichoerus grypus; Breed et al. 2009) presumably foraging on deeper water and
benthic prey fish resources. Furthermore, a significantly lower CV of dive depth suggests
optimal foraging by the active pursuit and handling of preferred prey at particular depths
which occurred in Amundsen Gulf, Igloolik and Sanikiluaq during the open water period.
Ringed seals in the Amundsen Gulf feed in deeper waters and in the benthic environment
(Brown et al. 2014; Yurkowski et al. in press) which may also occur in Hudson Bay and
Foxe Basin. A decreased CV of dive depth occurred during the ice-covered period in
Melville Bay, a relatively shallower and more productive area than the other locations,
likely due to seasonal changes prey distribution within the water column.
Ringed seals from Melville Bay dove for the longest durations in this study (> 35
mins), similar to Teilmann et al. (1999) who observed dive durations in excess of 39 min
from ringed seals tagged in the North Water Polynya. The majority of dives and average
dive duration for all individuals were generally less than 7 min., which is below their
calculated aerobic dive limit for body masses between 24 and 60kg (~ 6 - 9 min,
respectively; Lydersen et al. 1992; Teilmann et al. 1999), thus are relying on aerobic
metabolism more often than anaerobic metabolism to mitigate costs of time spent at
surface to metabolize lactic acid buildup (Thompson and Fedak 2001). This result is
similar to other relatively shallow divers, such as harbour and grey seals (Thompson and
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Fedak 2001), but contrasts with the deepest diving seal species, the southern elephant seal
(Thums et al. 2013). Dive duration is positively correlated with body mass and
maximum dive depth for marine mammals (Thompson and Fedak 2001) and in this study,
older, larger ringed seals were generally able to dive for longer durations than younger,
smaller individuals in Saglek Bay and Sanikiluaq. Ringed seals generally dove for longer
durations at most locations and had increased foraging effort (i.e. dive residual) during
the open water period at Sanikiluaq and Amundsen Gulf where they also generally dove
deeper to utilize the varying distribution of resource patches within the water column.
However, foraging effort increased during the ice-covered period for Igloolik ringed
seals, potentially indicating spatio-temporal differences in resource abundance and
distribution in the water column between Igloolik, and Sanikiluaq and Amundsen Gulf.
Across most locations, variability in dive durations increased with ice-cover which is
likely a possible response to the territorial behaviour of ringed seals during the icecovered period and sea ice restricting their ability for long-range movements, thus defend
underwater territories which encompass several subnivean haul-out lairs (McLaren 1958;
Smith and Hammill 1981). Ringed seals across the Arctic dove less frequently during the
ice-covered period when presumably foraging less, resting within their subnivean lairs,
and evading surface predators such as polar bears (Ursus maritimus) and Arctic foxes
(Vulpes lagopus; Hammill and Smith 1991).
Home range size and the environment
The largest 95% home range estimate in this study was from a subadult captured
in the Amundsen Gulf (46,067km2), which was similar to a subadult ringed seal captured
in the North Water Polynya (48,950km2; Born et al. 2004). Generally, the largest 95%
and 50% home range sizes were from ringed seals captured in Resolute and Amundsen
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Gulf, compared to Igloolik, Sanikiluaq and Saglek Bay, which were more similar in mean
and range to Baltic Sea ringed seals (mean: 8030km2, range = 727 – 82899km2; Oksanen
et al. 2015). Ringed seals from Melville Bay had the smallest 95% and 50% home ranges
in this study, likely due to western Greenland having higher biological productivity than
any other area in the northern hemisphere due to calving glaciers and the melting of the
Greenland Ice Sheet. Thus, ringed seals can forage optimally in the area without much
search effort along the horizontal axis to meet and sustain their daily energetic demands,
in contrast to other geographic areas where individuals have larger home ranges and
travel more often between habitat and prey patches (Yurkowski et al. in review).
At more easterly longitudes, in waters closer to the North Atlantic Ocean, ringed
seals had smaller home ranges than their conspecifics at more westerly longitudes. This is
a possible response to higher biological productivity or ecological opportunity (i.e. prey
richness) in Melville Bay and Saglek Bay, the second of which has undergone a large
influx of North Atlantic fish, such as Capelin (Mallotus villosus), Atlantic cod (Gadus
morhua) and Atlantic wolffish (Anarhichas lupus; Gaston et al. 2003; Wisz et al. 2015).
The fjords and inlets surrounding Saglek Bay consist of productive benthic and pelagic
feeding areas during the summer and fall for ringed seals (Brown et al. 2014) who also
have a more omnivorous diet and utilize more similar proportions of fish and
zooplankton prey species compared to other areas of the Arctic (Yurkowski et al. in
press). Ringed seals from the more westerly high-Arctic locations of Resolute and
Amundsen Gulf mainly consume Arctic cod, a schooling, ephemeral, dispersed, highenergetic quality prey species, thus ringed seals travel more often between habitat patches
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to forage upon Arctic cod resulting in increased home range sizes and more variability in
foraging behaviour (Yurkowski et al. in review).
Like variation in dive behaviours, the extreme seasonality in sea ice concentration
was the strongest and most common variable influencing variation in ringed seal 95%
and 50% home range size. The presence of sea ice likely restricted the ability of ringed
seals for long-range movement, thus they formed territories underneath the sea ice
platform and remained near ice edges, which has been observed in other studies (Krafft et
al. 2007; Kelly et al. 2010; Luque et al. 2014). Ringed seals are able to inhabit stable
land-fast ice by abrading the ice with claws on their front fore-flippers to create breathing
holes and subnivean lairs when snow cover is adequate (McLaren 1958). The winter icecovered period, which has relatively lower biological productivity than during the
summer, can last from a few months (in northern Labrador near Saglek Bay) up to 9
months (Barrow Strait near Resolute), thus ringed seals should select specific habitats
where nearby access to prey resources can sustain their energetic demands during this
time period. Conversely, in northern terrestrial systems during the winter, species
generally increase their home range size in response to relatively lower resource
abundances and distribution (McLoughlin and Ferguson 2000). However, this is not
always the case as other extraneous factors such as predation risk, snow depth,
precipitation, amount of daylight and climatic variability have strong influences on
terrestrial animal movement (Borger et al. 2006; Saïd et al. 2009; van Beest et al. 2011;
Avgar et al. 2015). Here, the sea ice dynamics of the arctic marine environment is the
main determinant restricting home range size of ringed seals, similar to other arctic
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marine mammals including bowhead whales (Ferguson et al. 2010), beluga whales
(Hauser et al. 2014) and narwhal (Heide-Jørgensen et al. 2015).
Home range size with age, body size and dive depth
Resources are limited in nature and their distribution is affected by a multitude of
abiotic and biotic factors which can lead to increased foraging effort and intra-specific
competition for prey or habitat patches (Brown and Orians 1970). In this study, deeper
diving ringed seals had larger 95% and 50% home range sizes, thus used a significantly
larger area in three-dimensional space than their conspecifics possibly to increase search
effort to find productive and suitable prey patches at depth. Older, larger ringed seals had
smaller 95% and 50% home range sizes than younger, smaller individuals likely due to
increased foraging experience and better knowledge of the surrounding area, thereby
competitively excluding subadults to presumable lower quality resource patches and
larger home ranges to meet their energetic demands. Competitive exclusion occurred
during the summer and fall, but is more known to occur during the winter where subadult
ringed seals inhabit areas of less stable ice and near ice edges to occupy areas of
relatively better foraging conditions in the open water than shore-fast ice areas, whereas
adults form territories beneath the stable shore-fast ice (Krafft et al.2007; Crawford et al.
2012). Given that ringed seals are known to forage more intensively during the more
productive open water period to build energy stores by increasing blubber thickness and
with adults having a more restricted home range, this suggests that adults occupy higherquality resource patches throughout the year thereby competitively exclude smaller
conspecifics. Adult ringed seals must meet the energetic demands of occupying restricted
areas beneath shore-fast ice throughout the less-productive winter, and are likely able to
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by inhabiting predictive areas of higher resource encounter rates and more energetically
profitable prey.
Conclusion
This study highlights that: (1) extrinsic and intrinsic variables describing ringed
dive behaviour varies across locations likely due to locational differences in ocean
topography and resource distribution, although seasonal changes in sea ice concentration
was the principle and most common factor affecting dive behaviour variability; (2)
smaller 95% and 50% home range sizes occurred with increasing ice-cover and longitude
as a result of sea ice restricting movement and resource abundance and availability,
respectively; and (3) larger, older individuals had smaller 95% and 50% home range sizes
than smaller, younger conspecifics by remaining in a presumed higher quality foraging
patch throughout the summer, fall and winter, which supports the competitive exclusion
via interference competition hypothesis. These findings support plasticity in ringed seal
horizontal and vertical space use across varying spatial gradients and environmental
conditions, implying that as a species they process information from the environment into
their decision making and are able to adjust their movement and behavioural strategies
across different environmental contexts. These results shed light on the abiotic and biotic
processes affecting animal distribution and behaviour and in turn predator-prey dynamics
and overall arctic ecosystem structure.
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Table 6.1. Sample ID, transmitter type, morphometric, tracking duration and 95% and 50% home range sizes during the open water
(<50% sea ice concentration) and ice-   

                -2013.

ID
Tag type
Resolute
107832
SMRU-9000x
107833
SMRU-9000x
107834
SMRU-9000x
107836
SMRU-9000x
107838
SMRU-9000x
107839
SMRU-9000x
107840
SMRU-9000x
Melville Bay
34954
SMRU-CTD
34963
SMRU-CTD
110302
WC-MK10
110303
WC-MK10
110304
WC-MK10
WC-MK10
110305
110306
WC-MK10
110314
WC-SPOT
110315
WC-SPOT
WC-SPOT
110316
110317
WC-SPOT
Amundsen Gulf

Age
class

Last
Open water Ice cover Open water Ice cover
Deployment
transmission
95% home 95% home 50% home 50% home
date
date
range
range
range
range
(mm/dd/yyyy) (mm/dd/yyyy)
(km2)
(km2)
(km2)
(km2)

Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Adult

7/31/2012
9/5/2013
9/25/2012
8/30/2013
9/21/2012
8/28/2013
9/5/2013

3/27/2013
10/24/2013
10/23/2012
11/27/2013
10/10/2012
9/11/2013
5/6/2014

26502
3561
1014
32406
1189
38408
15998

414
429
574
14277

3069
255
55
3802
89
4831
3057

49
102
36
1575

Adult
Adult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Adult
Adult
Adult

9/6/2011
9/7/2011
9/4/2011
9/4/2011
9/6/2011
9/6/2011
9/6/2011
9/7/2011
9/9/2011
9/9/2011
9/9/2011

5/14/2012
5/10/2012
1/13/2012
11/30/2011
12/6/2011
4/26/2012
5/22/2012
11/27/2011
11/7/2011
11/3/2011
11/10/2011

486
207
6667
4543
220
622
270
175
447
335
890

194
541
1843
751
1225
299
-

69
35
1072
1032
37
58
42
35
74
51
51

37
62
278
56
78
44
-

223

5056*
5092*
5092-1*
11747*
21212*
23527*
23528*
23529*
5056a
5092a
11747a
23526
23527a
23528a
23529a
44391
44392
44393
44395
44396
44397
44399
44400
44402
Igloolik
94529
94531

WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-10
WC-SLTDR-10
WC-SLTDR-10
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SLTDR-16
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Adult
Adult
Subadult
Adult
Adult
Subadult
Adult
Adult
Adult
Subadult
Subadult
Adult
Adult
Adult
Adult
Adult

9/19/2001
9/16/2001
9/6/2002
9/16/2001
9/16/2001
9/6/2002
9/6/2002
9/6/2002
6/20/1999
6/8/1999
7/1/1999
7/19/2000
7/17/2000
7/16/2000
7/16/2000
7/9/2010
7/6/2010
7/4/2010
7/10/2010
7/6/2010
7/6/2010
7/6/2010
7/10/2010
7/5/2010

9/30/2001
10/23/2001
10/29/2002
11/12/2001
11/24/2001
12/31/2002
12/30/2002
11/7/2002
11/13/1999
11/4/1999
11/27/1999
11/9/2000
12/3/2000
11/2/2000
10/27/2000
11/25/2010
12/9/2010
11/29/2010
11/28/2010
11/15/2010
11/29/2010
11/7/2010
11/29/2010
11/15/2010

1009
3967
36860
17230
12676
46067
26439
5137
3433
27175
15160
10017
10072
26970
41777
7003
35245
42220
29779
31816
29007
5451
15736
11585

12146
2866
7572
4593
7896
2083
5366
2639
3898
-

80
470
6852
3269
2579
6448
5260
1294
819
4596
3197
1367
1578
3802
6811
708
7269
7774
6307
5848
3629
251
2566
2063

1972
512
1427
1174
1463
474
899
425
822
-

WC-SPLASH
WC-SPLASH

Subadult
Subadult

7/22/2009
7/22/2009

3/29/2010
5/9/2010

5386
2233

3266
1071

464
162

522
78

224

94532
94533
94538
94540
Sanikiluaq
39374
39379
39380
39383
39384
39385
42999
43000
43001
43002
43835
43836
43837
43838
43842
43843
43845
43847
43851
43852
43853
43857

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Subadult
Adult
Subadult

7/21/2009
7/21/2009
7/24/2009
7/21/2009

8/7/2009
10/16/2009
10/21/2009
3/7/2010

2181
16044
6926
12187

2108
11203

310
1680
1149
1288

230
2230

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPOT
WC-SPOT
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x

Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Subadult
Subadult
Adult
Subadult
Subadult

9/10/2007
9/10/2007
9/9/2007
9/17/2007
9/17/2007
9/10/2007
9/11/2006
10/2/2006
9/15/2006
9/12/2006
10/17/2010
8/21/2010
8/24/2010
8/22/2010
10/19/2010
10/16/2010
8/21/2010
10/20/2010
8/22/2010
8/22/2010
8/22/2010
8/21/2010

12/9/2007
12/31/2007
12/12/2007
12/8/2007
11/29/2007
12/8/2007
6/4/2007
12/17/2006
1/20/2007
1/5/2007
2/9/2011
1/22/2011
12/15/2010
1/23/2011
1/26/2011
10/30/2010
4/24/2011
4/6/2011
2/10/2011
1/19/2011
1/17/2011
3/10/2011

831
14833
851
811
3687
12763
8910
994
2133
37297
11454
3932
14128
2373
3777
1468
2273
12188
9261
1762
923
7008

594
5748
320
696
477
5846
295
1091

207
3352
128
102
619
1665
1074
194
257
7235
1585
489
1661
252
412
412
89
2070
518
117
57
916

160
1291
73
107
55
1180
58
208

225

43858
43864
43865
43867
57265
60485
60486
60488
60489
77974
77975
83982
83983
83983a
83984
83985
83986
83987
83988
83989
83990
94526
94527
94528
94530
94535
94536

SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Subadult
Subadult
Subadult
Adult
Subadult
Adult
Adult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Adult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Adult
Subadult
Subadult
Adult

8/21/2010
10/19/2010
10/18/2010
8/21/2010
9/14/2006
9/13/2006
9/10/2006
9/15/2006
9/10/2006
9/14/2007
9/23/2007
9/1/2008
9/5/2008
9/3/2008
9/26/2008
9/11/2008
9/3/2008
9/1/2008
10/13/2008
9/2/2008
9/11/2008
8/9/2009
8/9/2009
8/9/2009
8/1/2009
8/1/2009
8/24/2009

12/31/2010
12/16/2010
1/17/2011
4/4/2011
1/23/2007
1/8/2007
12/14/2006
1/8/2007
1/9/2007
12/10/2007
12/11/2007
12/14/2008
12/12/2008
1/10/2009
12/23/2008
12/16/2008
12/17/2008
12/31/2008
12/17/2008
12/12/2008
1/9/2009
4/21/2010
3/30/2010
4/9/2010
2/5/2010
2/5/2010
2/12/2010
226

1137
13744
3129
3031
3141
6363
9713
1963
1318
485
4180
354
587
423
2421
208
1482
2230
310
4372
2016
395
24329
15802
294

620
923
758
631
3252
2473
672
8080
1039
215

14
3085
251
494
789
622
1305
146
259
108
604
59
96
62
370
40
161
391
72
169
66
51
3332
2727
58

213
241
150
155
397
581
57
265
103
35

94537
94539
106373
106384
106385
106387
106388
116482
116483
116484
116485
116486
116487
116488
116489
116490
116491
116492
116493
116494
116495
116496
Saglek Bay
44428
44429
83865
83866

WC-SPLASH
WC-SPLASH
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x
SMRU-9000x

Adult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Adult
Subadult
Subadult
Subadult
Adult

8/9/2009
8/1/2009
10/30/2011
10/29/2011
10/28/2011
10/29/2011
10/29/2011
10/29/2012
10/25/2012
10/29/2012
10/29/2012
10/24/2012
10/28/2012
10/29/2012
10/25/2012
10/29/2012
10/25/2012
10/26/2012
10/29/2012
10/23/2012
10/23/2012
10/23/2012

4/28/2010
12/29/2009
6/5/2012
12/29/2011
2/11/2012
4/4/2012
2/3/2012
5/21/2013
4/23/2013
4/28/2013
11/23/2012
5/17/2013
11/27/2012
1/6/2013
3/4/2013
1/14/2013
2/5/2013
12/3/2012
4/5/2013
12/29/2012
6/12/2013
1/12/2013

8333
6545
4284
3112
2507
5885
3711
6502
3316
3410
5234
2245
6412
1581
1575
15455
10372
7515
12701
1538
6896
9357

578
2410
2544
1707
1520
2540
3100
2394
937
442
760
4862
4709
2419
2250

611
702
595
269
269
323
637
1105
480
609
1008
391
1595
6
286
2498
1890
1646
2431
40
810
1586

91
417
455
76
99
158
463
490
25
61
93
940
643
282
489

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Adult
Subadult
Subadult
Subadult

8/11/2011
8/13/2011
9/1/2010
9/1/2009

1/27/2012
12/15/2011
1/15/2011
10/12/2009

2651
608
2104
7430

-

296
74
279
773

-

227

83964
83965
83973
83975
83976
83977
83978
83979
83980

WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH
WC-SPLASH

Adult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult
Subadult

8/14/2008
9/2/2010
9/3/2009
9/1/2009
8/19/2008
9/2/2010
9/1/2010
9/1/2010
8/11/2008

1/7/2009
1/25/2011
12/1/2009
10/21/2009
10/25/2008
6/3/2011
3/6/2011
4/20/2011
12/31/2008

228

359
17509
4083
1101
1567
705
2732
7512
6044

3415
1358
-

64
790
155
186
276
23
358
434
410

783
75
-

Table 6.2. Summary of ringed seal dive behaviour by age class across sampling locations. Values represent mean ± SD. Values in
parentheses for mean maximum dive depth and mean dive duration represent the deepest recorded depth and longest dive duration
observed by an individual at that location.
Mean
maximum dive
Agedepth (m) ± SD
class
Adult
94 ± 72 (200)
Subadult 148 ± 81 (500)

CV dive
CV dive
Mean dive
duration ±
depth ± SD duration (s) ± SD
SD
0.72 ± 0.50 374 ± 231 (2100) 0.61 ± 0.41
0.6 ± 0.3 379 ± 228 (2100) 0.42 ± 0.22

Number
of dives ±
SD
32 ± 34
70 ± 38

n

Year

7
3

2011
2011

Resolute

2
5

2013
2012-2013

Adult
Subadult

113 ± 95 (558)
43 ± 36 (310)

0.72 ± 0.42 343 ± 218 (1260) 0.48 ± 0.28
0.71 ± 0.40 171 ± 86 (780) 0.42 ± 0.26

41 ± 30
50 ± 30

Amundsen Gulf

13
10

1999-2010
1999-2010

Adult
Subadult

98 ± 71 (500)
99 ± 51 (500)

0.57 ± 0.31 426 ± 157 (1980) 0.46 ± 0.25
0.58 ± 0.32 400 ± 101 (1980) 0.45 ± 0.22

111 ± 60
107 ± 56

Igloolik

1
5

2009
2009

Adult
Subadult

118 ± 55 (300)
38 ± 26 (300)

0.77 ± 0.42 339 ± 104 (1080) 0.53 ± 0.23
0.71 ± 0.33 271 ± 90 (1080) 0.60 ± 0.29

120 ± 45
133 ± 69

Sanikiluaq

20
51

2006-2012
2006-2012

Adult
Subadult

33 ± 24 (220)
31 ± 23 (220)

0.54 ± 0.33 218 ± 137 (1320) 0.57 ± 0.32
0.58 ± 0.37 192 ± 114 (1800) 0.57 ± 0.32

95 ± 88
81 ± 93

Saglek Bay

2
11

2008-2011
2008-2011

Adult
Subadult

49 ± 32 (300)
38 ± 26 (300)

0.80 ± 0.41 325 ± 158 (1080) 0.57 ± 0.25
0.70 ± 0.30 165 ± 55 (1080) 0.55 ± 0.19

115 ± 72
182 ± 103

Location
Melville Bay
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Table 6.3. Linear mixed-models predicting dive behaviour as a function of age and
extrinsic covariates ranked by AICc at each location. Only top two models are shown.
Marginal (fixed effects) and conditional (fixed and random effects) R2 estimate the
relative fit of each model to the data. Wi: Akaike weights of each model, AC: age-class;
BA: bathymetry, SN: season. Null represents the null model with random effects. Bold
covariates represent a significant positive relationship at 0.0083. Bold parameters with
‘*’ represent a significant negative relationship at 0.0083.
Model
a) Mean maximum dive depth (m)
Melville Bay
NULL
AC
Resolute
SN*
BA + SN*
Amundsen Gulf
BA + SN*
AC + BA + SN*
Igloolik
AC + BA + SN*
BA + SN*
Saglek Bay
BA
BA + SN
Sanikiluaq
BA
BA + SN
b) CV dive depth
Melville Bay
SN*
AC + SN
Resolute
NULL
AC
Amundsen Gulf
SN
BA + SN
Igloolik
SN
BA + SN
Saglek Bay
BA*
NULL
Sanikiluaq

AICc

i

wi

marginal
r2

conditional
r2

748.0
750.1

0.00
2.07

0.57
0.20

0.00
0.04

0.30
0.32

309.0
310.8

0.00
1.80

0.52
0.21

0.02
0.03

0.57
0.56

-86.9
-82.3

0.00
4.66

0.91
0.09

0.04
0.04

0.36
0.38

-377.7
-376.4

0.00
1.30

0.65
0.34

0.41
0.11

0.61
0.59

-20.8
-16.3

0.00
4.55

0.90
0.09

0.09
0.09

0.25
0.25

2804.4
2812.3

0.00
7.84

0.97
0.02

0.06
0.06

0.30
0.30

-1142.5
-1136.3

0.00
6.14

0.94
0.04

0.03
0.03

0.16
0.16

-1160.4
-1151.9

0.00
8.56

0.97
0.01

0.00
0.00

0.02
0.02

-4209.2
-4203.8

0.00
5.44

0.92
0.06

0.04
0.03

0.29
0.29

-2944.3
-2940.9

0.00
3.37

0.81
0.15

0.04
0.04

0.12
0.14

-5675.0
-5673.7

0.00
1.31

0.49
0.26

0.01
0.01

0.11
0.11
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BA + SN
SN
c) Mean dive duration (s)
Melville Bay
SN
AC + SN
Resolute
SN*
AC + SN*
Amundsen Gulf
AC + BA + SN*
AC + SN*
Igloolik
AC + BA + SN
AC + SN
Saglek Bay
AC + BA + SN
BA
Sanikiluaq
AC + BA + SN*
BA + SN*
d) CV dive duration
Melville Bay
NULL
AC
Resolute
SN
AC + SN
Amundsen Gulf
SN
AC + SN
Igloolik
SN
AC + SN
Saglek Bay
BA*
BA* + SN
Sanikiluaq
BA* + SN
AC+ BA* + SN
e) Number of dives
Melville Bay
SN*
AC + SN*
Resolute
AC + SN*

-25556.5
-25556.1

0.00
0.40

0.52
0.42

0.01
0.01

0.11
0.12

190.0
190.9

0.00
4.71

0.86
0.08

0.03
0.03

0.18
0.20

-325.2
-322.1

0.00
3.10

0.74
0.16

0.01
0.02

0.65
0.68

22171.3
22173.3

0.00
1.99

0.72
0.27

0.06
0.06

0.35
0.35

14498.6
14505.4

0.00
6.80

0.96
0.03

0.11
0.10

0.45
0.42

-3325.1
-3316.1

0.00
8.53

0.98
0.01

0.32
0.05

0.59
0.60

-1563.2
-1551.9

0.00
11.30

0.99
0.01

0.04
0.01

0.71
0.69

-1295.9
-1291.8

0.00
4.03

0.85
0.11

0.00
0.02

0.14
0.15

-1503.2
-1495.7

0.00
7.54

0.98
0.02

0.05
0.06

0.14
0.17

-262.0
-255.9

0.00
6.10

0.95
0.05

0.04
0.04

0.15
0.15

-3619.7
-3612.7

0.00
7.08

0.97
0.03

0.27
0.26

0.36
0.38

-8295.6
-8291.9

0.00
3.67

0.86
0.14

0.01
0.01

0.43
0.43

-28055.0
-28045.7

0.00
9.30

0.99
0.01

0.02
0.01

0.16
0.15

472.0
473.6

0.00
1.53

0.68
0.32

0.22
0.34

0.54
0.59

5980.1

0.00

0.92

0.08

0.30
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SN*
Amundsen Gulf
NULL
SN
Igloolik
BA + SN*
BA + AC + SN*
Saglek Bay
NULL
AC
Sanikiluaq
SN*
AC + SN*
f) Dive residual
Melville Bay
NULL
SN
Resolute
NULL
SN
Amundsen Gulf
AC + SN*
SN*
Igloolik
AC + SN
SN
Saglek Bay
BA*
AC + BA*
Sanikiluaq
SN*
AC + SN*

5985.2

5.07

0.07

0.06

0.27

-552.9
-550.2

0.00
2.70

0.71
0.19

0.00
0.00

0.40
0.41

13556.7
13557.9

0.00
1.21

0.64
0.35

0.05
0.05

0.50
0.52

328.5
329.1

0.00
0.57

0.46
0.35

0.00
0.04

0.32
0.29

7718.5
7720.9

0.00
2.46

0.77
0.23

0.01
0.02

0.56
0.56

-383.2
-377.1

0.00
6.00

0.93
0.05

0.00
0.01

0.01
0.02

-972.4
-964.7

0.00
7.80

0.97
0.02

0.00
0.00

0.00
0.00

21342.7
21346.4

0.00
3.70

0.85
0.13

0.01
0.01

0.01
0.01

13851.1
13855.4

0.00
4.34

0.87
0.10

0.03
0.03

0.04
0.04

-5201.9
-5195.4

0.00
6.46

0.96
0.04

0.02
0.02

0.02
0.02

-13504.0
-13492.4

0.00
11.60

1.00
0.00

0.01
0.01

0.01
0.01
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Table 6.4. Linear mixed-models predicting 50% and 95% home range size as a function
of age and environmental covariates ranked by AICc across location for ringed seals
deployed with satellite telemetry transmitters from 1999-2013. Marginal (solely fixed
effects) and conditional (fixed and random effects) R2 estimate the relative fit of each
model to the data. wi: Akaike weights of each model, AC: age-class; AO: phase of winter
Arctic oscillation; LN: longitude; LT: latitude; MD: mean maximum dive depth; SN:
season.
Model
50% home range
AC + SN + LN + MD
AC + SN + LN + AO + MD
AC + SN + LN + AO + LT + MD
95% home range
AC + SN + LN + MD
AC + SN + LN + AO + MD
AC + SN + LN + AO+ LT + MD

AICc

i

wi

marginal r2

conditional r2

171.8
179.7
185.9

0.00
7.90
14.09

0.98
0.02
0.00

0.33
0.34
0.33

0.69
0.69
0.69

143.5
147.8
157.1

0.00
4.47
13.67

0.90
0.10
0.00

0.38
0.38
0.36

0.74
0.74
0.74
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Table 6.5. Mean ± SE parameter estimates from the best fit linear mixed model
predicting ringed seal 95% and 50% home range sizes relative to age and environmental
covariates across sampling locations. Bold parameter values indicate significance at the
0.05 level. SE: Standard error.
Parameters
Intercept
Age class
Season
Longitude
Mean maximum dive depth
Random effect
ID estimated variance ± SE
Tag year estimated variance ± SE

50% home-range
1.34 ± 0.33
-0.33 ± 0.12
-0.33 ± 0.07
-0.02 ± 0.004
0.005 ± 0.002

95% home-range
2.47 ± 0.28
-0.39 ± 0.10
-0.40 ± 0.06
-0.01 ± 0.004
0.003 ± 0.001

0.10 ± 0.31
0.00003 ± 0.02

0.08 ± 0.27
0.00003 ± 0.17
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Fig. 6.1. Map of the Arctic highlighting bathymetry, the direction of surface currents
(blue arrows), the wind-driven Beaufort Gyre and communities where ringed seals were
equipped with satellite telemetry transmitters. n: sample size; AG: Amundsen Gulf; BB:
Baffin Bay; CP: Cape Parry; IG: Igloolik; MB: Melville Bay; RS: Resolute; SB: Saglek
Bay; SQ: Sanikiluaq; UL: Ulukhaktok
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Chapter 7: General discussion
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General discussion
Spatial, temporal and within-species variation in the foraging ecology among
consumers add to the complexities of trophic structure and its processes across all biomes
on Earth (Levin 1992). In this dissertation, I analyzed the feeding ecology of a near-top
trophic level marine carnivore, the ringed seal, through space and time using stable
isotope analysis and satellite telemetry revealing new insights into arctic ecosystem
trophodynamics and how animals perceive, assess and behave across different
environmental contexts. Results of this dissertation revealed that ringed seals are
responding to large-scale spatial differences in the availability and distribution of native
and sub-Arctic prey species between the high- and low-Arctic, suggesting plasticity in
their foraging decisions and habitat use. Results also provide insight into spatio-temporal
differences in food web structure across the rapidly changing Arctic.
This dissertations highlights the foraging behavioural plasticity of species relative
to resource availability and distribution, and the environment which all vary over space
and time. These findings provide insight into the mechanisms of how species and
individuals adjust their foraging ecology in terms of their diet, habitat use and behaviours
across different abiotic and biotic contexts with implications to conservation and
management. In Chapter 3, I quantified large-scale spatial, temporal and within-species
variation of trophic relationships for ringed seals and highlighted latitudinal and temporal
(over a 21-year period) trends in their feeding relationships and of trophic structure
complexity as a result of increased presence of sub-arctic zooplankton and forage fish
species at lower latitudes (Gaston et al. 2003; Wassmann et al. 2011) which is predicted
to continue (Wisz et al. 2015). I also found a general latitudinal gradient in the level of
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fish and zooplankton consumption, where high-Arctic individuals consumed more forage
fish, primarily Arctic cod and less zooplankton than at lower latitudes. This suggests an
optimal foraging response for consumers in the acquisition of the more profitable prey
items (i.e. higher energetic content) relative to resource availability and abundance where
Arctic cod comprise the highest energy content than any other prey and are more
abundant at more northerly than southerly latitudes (Welch et al. 1992; Weslawski et al.
1994). Additionally, the isotopic niche size of ringed seals at two geographic locations
increased after the pan-arctic sea ice regime shift in the mid-1990’s and is most likely
attributed to the increased presence of sub-arctic species. These findings align with
general ecological theory, principally optimal foraging theory where predators maximize
energy intake opposed to energy expenditure with respect to energy content of prey and
the distribution of prey patches. Arctic species, especially marine mammals, have adapted
to the seasonal extremes in resource distribution and abundance by foraging intensively
during the more produtive open water period to increase blubber energy storage for the
upcoming less-productive winter period.
Environmental factors influence movement strategies of animals in terms of cues
where information from the surrounding environment is integrated to reach behavioural
decisions to select and choose habitats based off environmental and resource cues. In
Chapters 5 and 6, I found that at higher latitudes which have shorter ice-free season and
higher variation in inter-annual sea ice dynamics, ringed seals increased foraging
behaviour variability, but not horizontal space use. High-Arctic ringed seals spent more
time transiting between habitat patches than their conspecifics at lower latitudes where
the ice-free season is longer and inter-annual sea dynamics were more synchronous. As
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well, when intra-specific competition for resources was highest (i.e. during the ice-free
season), larger, older ringed seals had lower behavioural variability and remained in a
resident/foraging state within a habitat patch more often than their smaller conspecifics,
suggesting competitive asymmetry with age. This competitive exclusion is known to
occur during the ice-covered period (Smith 1987), but also occurs during the more
resource-productive open water period. As well, the presence of sea ice mainly
influenced variability in ringed seal dive behaviour, but was not consistent across
locations likely due to different foraging responses to varying distribution of prey
availability between locations.
Individual specialization is a common phenomenom in nature and occurs in
tropical to polar ecosystems (Araujo et al. 2011), thus adding another level of complexity
to the knowledge of species interactions and trophic structure across ecosystems. Results
of Chapter 4 revealed that niche size for populations of two arctic marine carnivores
decreased with increasing latitude where higher niche sizes were associated with greater
ecological opportunity (i.e. prey diversity) in the prey fish and zooplankton community at
lower latitudes than at higher latitudes. In addition, all studied beluga whale
(Delphinapterus leucas) populations were considered dietary generalists, whereas
individual specialization occurred in ringed seal populations at lower latitudes with
higher niche size, which highlights species-specific variation in dietary plasticity to
spatial differences in prey resources and environmental conditions. Individual
specialization occurred during the more productive summer and fall seasons when
resources are more abundant in the Arctic. But investigating the level of individual
specialization of arctic predators during the less resource-productive winter period is
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warranted to determine whether individual specialization remains constant through time
and through varying levels of resource availability for arctic predators.
As a result of their plasticity, ringed seals can be a biomonitor species to study
trophodynamic changes in the Arctic due to their ability to forage omnivorously, and
their movement and behavioural flexibility across varying environmental contexts
providing insight into regional and broad-scale ecosystem structure and function in the
Arctic. Ringed seals are a homeothermic mesopredator in the Arctic compared to other
arctic pinniped (e.g. bearded seals (Erignathus barbatus), harbor seals (Phoca vitulina),
walrus (Odobenus rosmarus) and harp seals (Pagophilus groenlandicus)) and whale
(beluga and narwhal (Monodon monoceros)) higher trophic-level predator species, thus
would require less daily energy intake to meet their energetic demands than the
aforementioned species likely leading to their higher level of omnivory. Ringed seals
utilize multiple prey functional groups in the pelagic and benthic zones, such as energyrich Arctic cod and energy-poorer zooplankton depending on resource availability and
abundance in the area compared to other arctic predators that are primarily benthic
foragers (i.e. walrus and bearded seals) and piscivores (i.e. harp seals, beluga and
narwhal). Coupled with dietary plasticity, ringed seals also exhibit foraging behaviour
flexibility to both predictable and variable surroundings suggesting a behavioural
adjustment as a response to local environmental factors shedding light on the ecological
implications of animal behaviour in different environments which are context-dependent
with space and time. For example, the seasonality of environmental variables and the
ecological dynamics of the high-Arctic exhibits more variability and is more ecologically
complex in trophic structure than the low-Arctic leading to spatial variation in the
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foraging ecology of ringed seals. At a species level, results found in this dissertation
suggest dietary and foraging behaviour plasticity in ringed seals, thus they are able to
adjust to different environmental contexts and possibly continued climate change though
further research is warranted.
A high degree of variation in trophic structure occurred with latitude resulting in
ringed seal trophic position being much higher, near trophic level 5, at the most northern
location (i.e. Resolute) than at the most southern location (i.e. Sagle Bay – approximate
trophic position of 3.5). Similarly, Hobson et al. (2002) observed a longer food chain at
the high latitude North Water Polynya with ringed seals occupying a trophic position of
4.5 leading to polar bears at 5.5. The increase in ringed seal trophic position and food
chain length in the high-Arctic was likely driven by higher trophic complexity and
structure lower in the food web, as has been observed in freshwater communities (Vander
Zanden et al. 1999a; Post et al. 2000). In addition, the invasion of non-native fish species
has been shown to decrease the trophic position of native top and near-top predators
reflecting a shift in their diet to lower energy-quality prey posing consequences to food
web structure and function (Vander Zanden et al. 1999b). Sub-Arctic forage fish species,
such as Capelin and Sand lance have not yet been observed in the high-central Canadian
Arctic (i.e. near Resolute) where the trophic relationships have yet to be affected.
I propose that the trophic structure of the high-Arctic is a view into the recent past
in the trophic structure of arctic communities at the more sourthern latitudes prior to subarctic forage fish species being abundant leading to substantial latitudinal variation in
arctic ecosystem trophodynamics. As well, the open water period and summer algal
production is prolonged in the low-Arctic compared to the high-Arctic (6 months versus
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2-3 months on average), potentially leading to spatial differences in the magnitudes of
seasonal omnivory within the zooplankton community (McMeans et al. 2015) causing a
longer food chain in the high-Arctic. The continued reduction of sea ice and longer open
water periods will continue to alter food web structure across all latitudes. But this will
continue to be more punctuated at southerly latitudes with the increase of sub-arctic
invertebrates, fish and apex predators leading to increased levels of inter-specific
competition and predation pressure on endemic arctic species. Thus, the high- and lowArctic should be thought of as two separate ecosystems with significant differences in
trophic structure and food distribution. Continued long-term monitoring of low- and highArctic food web structure is imperative to quantify any future spatio-temporal biotic
changes. This poses direct implications to the conservation and management of species
inhabiting these two spatial entities providing ramifications on the future ecological
effects of climate change and anthropogenic stressors such as increased shipping traffic
and natural resource development.

Future work
Findings of this dissertation support dietary and foraging behaviour plasticity in
ringed seals, a key arctic carnivore, relative to varying degrees of environmental factors,
thus seem to be adjusting to the magnitudes of biotic and abiotic changes across the
Arctic. However, further research is required whether this adjustment will lead to
increased or decreased fitness and their potential to adapt to continued ecosystem change,
which is predicted to accelerate (Hinzman et al. 2013; Wisz et al. 2015). Harwood et al.
(2012) observed a significant decline in ringed seal adult and subadult body condition
since 1991 in the Amundsen Gulf, as well as for beluga whales (Delphinapetrus leucas)
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and black guillemots (Cepphus grille; Harwood et al. 2015) as a result of changing sea
ice conditions. As such, studies investigating spatial differences in ringed seal body
condition (i.e. fat layer depth) by age class and reproductive output (i.e. ovulation rates)
of adult females relative to environmental factors such as sea ice dynamics, productivity
and large-scale climate variability systems (i.e. Arctic Oscillation and the El-Niño
Southern Oscillation) across long time periods are necessary to understand whether
ringed seals can cope with continued ecosystem change. For example, stochasticity in sea
ice dynamics and length of the open water season differ between Hudson Bay and
Amundsen Gulf providing the opportunity to examine whether ringed seals from one
region are better at adjusting and coping with climate change than the other by
investigating differences in body condition and reproductive output. Exploring these
ecological and population dynamics relative to regional and large-scale abiotic factors
will increase our ability to link species’ capabilities to adjust and potentially adapt to
rapidly changing ecosystems.
To illustrate adaptability within a population or species, a particular trait must be
maintained and possibly evolve by natural selection providing a genetic basis for
increased fitness (Fisher 1930). Forcada and Hoffman (2014) found that the level of
heterozygosity in breeding females of Antarctic fur seals (Arctocephalus gazella) has
increased over time. This species undergoes fluctuations in population dynamics with
Antarctic krill (Euphausia superba) availability and the cycles of El-Niño Southern
Oscillation and the Southern Annular Mode. Although, heterozygosity is not heritable,
Forcada and Hoffman (2014) attributed increased heterozygosity to climate change, thus
promoting genetic variability and increasing the probability of adaptability to a
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worsening environment. With consistent annual sampling of ringed seal tissues over
multiple decades from the high-Arctic (Amundsen Gulf - 1970’s to present) and lowArctic (Hudson Bay - 1980’s to present), a similar study could be developed to deduce
any changes in heterozygosity in female ringed seals relative to regional environmental
dynamics. Despite ringed seals being able to adjust their diet and foraging behaviour
relative to different levels of prey distribution and environmental stochasticity through
space, one can determine whether ringed seals and arctic species as a whole are
increasing their chances of adaptability at a genetic level to changing environmental
conditions and if this varies with latitude.
This dissertation showed some of the longest uni-directional distances traveled by
subadult and adult ringed seals through satellite telemetry (chapters 5 and 6). In addition
to competitive asymmetry by age class and the advancement of sea ice formation in the
fall causing smaller, younger individuals to areas of pack-ice and polynyas in the winter,
what potentially influenced few of the larger, older individuals to move in a similar
manner? Possibly, younger, sexually mature adults or adults with lower body condition
select offshore areas of pack ice and polynyas, areas with higher predation pressure
(Pilfold et al. 2014) and less suitable for pupping (Furgal et al. 1996), but of high
biological productivity (Alexander and Niebauer 1981).
Ringed seals use their blubber layer as an energy store to help offset the long, less
productive ice-covered period (6 – 9 months depending on latitude), but must also forage
during this time period where lactating females must consume the amount of energy of
approximately 2.2kg of Arctic cod to maintain their daily energy budgets (Lydersen
1995). Potentially, adults of relatively lower body condition may be aware of their low
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energetic stores prior to ice formation, so may choose active ice areas to overwinter
which are biologically productive to increase their chance of surviving the long winter
and spring without the associated cost of defending underwater territories underneath
shore-fast ice that are restricted in size (Smith and Hammill 1981; Kelly et al. 2010).
Breeding ringed seal populations have been observed in the moving pack ice of Baffin
Bay, Russia and Svalbard consisting of smaller individuals (Fedoseev 1975; Finley et al.,
1983; Wiig et al. 1999). Similarly, Pilfold et al. (2014) found that in years of high ringed
seal natality, a high degree of pupping habitat was observed in the Beaufort Sea pack-ice
where these adult females were likely competitively excluded from the preferred shorefast ice. Further research into the dynamics of habitat use by adults during the pupping
and breeding period is required, but their use of a variety of sea ice types across the
Arctic suggests plasticity as a species.
This dissertation also provides intriguing insight into biological productivity at
regional scales across the Arctic where the movement and behaviour of predators is
largely influenced by prey resource abundance and distribution (Emlen 1966; MacArthur
and Pianka 1966). Ringed seals resided and spent time foraging during the open water
and ice-covered periods in specific areas, presumably in higher quality foraging habitats,
which are also largely unknown across the Arctic. For example, an adult ringed seal
(Chapter 5 and 6) may have been foraging on Arctic cod (Boreogadus saida) in Buchan
Gulf and near Scott Inlet, Nunavut which is highly biologically productive with large
numbers of Arctic cod observed in the stomachs of Greenland halibut (Reinhardtius
hippoglossoides) and in scientific trawls during that time (A. Fisk and N. Hussey
personal communication). By using a multi-species approach to examine the space use
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and foraging patterns of several arctic marine mammal species (i.e. beluga whales,
narwhal (Monodon monoceros), bowhead whales (Balaena mysticetus), walrus
(Odobenus rosmarus) and bearded seals (Erignathus barbarus) and species overlap in
foraging patterns, one can deduce key biological hotspots and important marine habitats
in the Arctic. Linking the distribution of higher trophic level biota to environmental and
biological factors across space will provide integral information on the effects of climate
change on the ecological dynamics of the arctic ecosystem, conservation and
management. The proposed future studies could lend insight into the degree of plasticity
and adjustability of arctic biota to cope with environmental and trophodynamic variation
to maintain a positive fitness to adapt to a changing Arctic.
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